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FOREWORD

The first three versions of the aeroprediction code (APC), the AP72, AP74, and AP77,
were all developed to meet guided and unguided projectile requirements in the seventies. The
next four versions of the APC, the AP81, AP93, AP95, and AP98, were developed to meet
tactical missile requirements. Missiles tend to fly faster, fly at higher altitudes, and at times, at
higher angles of attack as compared to projectiles. During the nineties, several emerging
projectile needs arose that the AP98 could not handle. To address these additional needs, various
capabilities were incorporated into the AP98. The new capabilities included multi-fin capability,
improved rocket motor-on and base-bleed capability, improved pitch-damping capability,
capability for trailing-edge flaps, and improvements in axial force prediction for
nonaxisymmetric bodies. In addition, the ability to generate range in a timely and cost effective
manner was a need which was not available in AP98. This capability was achieved by
combining the APC with trajectory models. As a result of the above set of needs and
requirements, the APO2 was developed. Thus, the APO2 is the first version of the APC in 25
years that places projectile requirements at the forefront of needs. This report summarizes the
new technology that has been developed over the past four years that will be a part of the AP02.

The work described in this report was supported by the Office of Naval Research
(Mr. Gil Graff) through the Surface Weapons Systems Technology Program managed at the
Naval Surface Warfare Center, Dahlgren Division (NSWCDD) by Mr. Robin Staton. Tasking
from this program was provided by Mr. Roger Horman, Mr. John Fraysse, and Mr. Tim Spivak.
Mr. George Long of the Standard Missile Program also provided some funding in past years.
The authors express appreciation for support received in this work.
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1.0 INTRODUCTION

The aeroprediction code (APC) has been developed over a 30-year period beginning in
1971. The objective of the APC development over this 30-year period has stayed the same—to
predict aerodynamics cost effectively and with reasonable accuracy over the flight envelope and
configuration geometries of interest to weapons designers. While the objective of the APC has
stayed the same, the application uses, flight requirements, and configuration geometries have
evolved over that time frame. The initial application was primarily accurate range of various
unguided projectile design concepts at low angles of attack (AOA) and for Mach numbers less
than 2.5. Now the application includes trim aerodynamics of guided weapons, aerodynamic
design of guided weapons, structural loads and aerodynamic heating. Mach numbers as high as
15 have been encountered, AOA as high as 90 deg, and body geometries axisymmetric or
nonaxisymmetric have been considered in the design process. Figure 1 summarizes the current
objective, application, and flight requirements of the APC effort.

OBJECTIVE

PREDICT AERODYNAMICS COST EFFECTIVELY AND WITH REASONABLE ACCURACY
OVER FLIGHT ENVELOPE OF INTEREST TO WEAPONS DESIGNERS

APPLICATION REQUIREMENT OF APC

* INPUTS TO 3-DOF/TRIM PERFORMANCE MODELS
* AERODYNAMIC DESIGN (PRELIMINARY)

* PRELIMINARY STRUCTURAL LOADINGS

* CONVECTIVE HEAT TRANSFER INPUTS

OVERALL FLIGHT REQUIREMENTS

MACH NUMBER: 0-15

ANGLE-OF-ATTACK: 0-90°

CONTROL DEFLECTION: +30°

ROLL ORIENTATION: 0°,45°

SETS OF FINS: 0, 1,2 REQUIRED; 3 DESIRED

BODY GEOMETRY: AXISYMMETRIC REQUIRED;
NONAXISYMMETRIC TREATMENT
DESIRED

FIGURE 1. OBJECTIVE AND REQUIREMENTS OF APC
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Since the 2002 version (AP02) of the APC may be the last under Office of Naval
Research sponsorship, a more extensive introduction will be given. This introduction will cover
not only the rationale of the new technology that has been integrated into the 1998 version
(AP98) of the APC to form the basis of the AP02, but will also go back and give a historical
perspective on why the APC was started in 1971. In addition, a discussion of the new
technology and products developed during the 30 plus years of development of the APC, which
allowed the code to stay current with the operational and technical needs of the aerodynamics
community, will be given.

1.1  HISTORICAL PERSPECTIVE OF AEROPREDICTION EFFORT

The aeroprediction effort was started in 1971 by the first author as a result of being asked
by many engineers to provide aerodynamics for weapon concepts. The focus of these requests
was for zero lift drag first and foremost and secondly for low AOA lift characteristics (normal
force, center of pressure, and pitching moments). The first efforts to provide this information
was based on empirical estimates using wind tunnel data reports, handbooks, and hand
calculations using approximate methods. Pitts, et al' proved quite useful for the hand calculation
of lift properties but was of no value in the more difficult to obtain zero-lift drag. In researching
the literature, there were no reasonably accurate and computationally fast computer programs
that could calculate total forces and moments for the configurations and flight regimes of interest
at the time. The aircraft Datcom® could be used to provide hand calculations using the various
methods included, but its accuracy was questionable, particularly for the body. Body
aerodynamics are quite significant for weapons, as opposed to aircraft where the wing
dominates. The GE “Spinner” code® was also available in the early 70’s, but it was an all
empirical code for spin stabilized projectiles. It was based on nose length, boattail length, and
overall length. Hence, its use as a design tool was somewhat limited because it would give the
same zero lift drag for a nose of given length, regardless of shape. Saffell, et al* had developed a
missile-oriented high AOA code. However, the drag was computed by handbook techniques and
slender body theory was used for lift and pitching moment. As a result, limited accuracy of the
Reference 4 code could be expected.

The major reason that there were no fast, yet reasonably accurate codes available for
body alone or wing-body aerodynamics was that there were no reasonably accurate approximate
methods available to compute wave drag on blunt or truncated nose shapes at low to moderate
supersonic Mach numbers. This low supersonic Mach number range is where unguided
projectiles spent about 90 percent of their flight time; thus, accurate axial force was required to
get accurate range. Therefore, the first author combined the Hybrid Theory of Van Dyke with
Modified Newtonian Theory ® to obtain accurate wave drag of typical projectiles. This new
combined theory formed the basis of the first version of the APC published in 1972° and is
referred to here as the AP72. The AP72 met an existing need at the time, as it gave quite
accurate drag calculations of projectiles while only requiring one minute per case on a
mainframe computer. The same information can be obtained today in less than a second using a
personal computer.
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Requests for copies of the AP72 code began coming in to Dahlgren from outside agencies
as well as requests to extend the capability of the AP72 beyond body-alone cases. The requests
for extensions of the code were presented to Naval Sea, Naval Air, and Office of Naval Research
sponsors. Consequently, funding for continuous upgrades to the APC has been provided for the
past 30 years. In addition to Navy funding, a small amount of funding has been provided by the
Army and Air Force. NASA has also provided support through wind tunnel testing.

The first extension of the AP72 was to allow for the addition of two sets of lifting
surfaces to the geometry (see Figure 2) so that guided, as well as unguided, projectiles could be
considered. This version of the code is referred to as the AP74.”®° One of the most significant
aspects of the AP74, in addition to a total force and moment code for guided projectiles, was the
engineering approximations for interference lift of non-slender wings and the change in base
drag as a result of the presence of wings.

< Xee > Xe-Xeo

<«(C) Boattail
> (b':)‘:L_ or Flare
Allowed

c:._riT @ d. L ApN—

; S, ¢ 2 : ==
t
Ogive Shape S‘A—]\ ¥ i \\
Nose Tip

(Sharp, Blunt, Canards or Wings (Sharp or Blunt
Truncated) Biconvex, Double-Wedge or
Modified-Double-Wedge)

<« X >
«— ———>|

n

FIGURE 2. TYPICAL AXISYMMETRIC WEAPON CONFIGURATION GEOMETRY
OPTIONS AND NOMENCLATURE

The next extension of the APC was to add dynamic derivatives (pitch damping, roll
damping, and magnus moment) to the codes capability. The magnus moment was for spin
stabilized projectiles only and was assumed to be zero for slowly spinning fin-stabilized rounds.
This information could be used to perform dynamic stability analysis of various concepts and to
determine how quickly a motion could be expected to damp out. This version of the code was
referred to as the AP77."®" The first three versions of the APC were all focused first and
foremost on meeting projectile conceptual design requirements.

The next four versions of the APC were all aimed at meeting configuration and missile
flight requirements. The first requirement was to extend the Mach number to 8. This Mach
number limit was considered as an upper bound of where the perfect gas law could be applied.
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A modified form of second-order-shock-expansion theory combined with Modified Newtonian
Theory'® was used as the pressure predictor on the body for Mach numbers greater than about 2.
Improved transonic nose drag estimates were also designed'’ and incorporated into the
AP81.1%2! Real gas effects and aeroheating capability was added in the early 90’s and the Mach
number capability extended to 20 as well.”**> Additionally, several new approximate pressure
predictors were developed and an improved base drag prediction model was derived. Finally,
complete nonlinear aerodynamics were included for all lift components to allow aerodynamics to
be estimated at AOA up to 30 deg. The first author introduced the “direct approach” for
computing the aerodynamic nonlinearities in this version of the APC, which is referred to as the
AP93. By “direct approach” to approximate aerodynamic nonlinearities it is meant that each
normal force component associated with a configuration be broken down into a linear and a
nonlinear term. The linear term is estimated by linear theory or slender body theory. The
nonlinear term is estimated as “directly” as possible by subtracting the linear term from
component wind tunnel data and then developing approximations to this nonlinear term based on
freestream and geometry consideration. The AP93 theory and computer code was summarized
in References 29 and 30.

The AOA capability was extended from 30 to 90 deg at the roll position of ® = 0 deg
(fins in the plus “+” roll position as viewed from the rear) in 1995.%* For the first time, a user
friendly pre- and post-processor3 7 was developed to reduce the set up time from hours to minutes
for most geometries. The AP95 was summarized in References 37, 39, and 40.

The AP98 added significant new capabilities to the APC. First, nonlinear aerodynamics
were extended to the @ = 45 deg roll position (fins in cross or “x” orientation). This technology
again used the so called “direct approach” and is summarized in References 46 and 49-51. A
method was developed to distribute structural loads (including the nonlinear terms) over the
body and wing surface for structural engineers.®** The nonlinear wing-tail interference model
was extended to ® = 45 deg as well.>® An improved method for axial force at high AOA was
developed’ 2% and integrated into the APC. Finally, new technology®>~"*® was developed to
allow noncircular wing-body-tail configurations to be combined in the geometry mix (see
Figure 3). All the technology integrated into AP98 is given in References 46-65 and is
summarized in References 59-61.

The technology developed for the first seven versions of the APC (AP72, AP74, AP77,
AP81, AP93, AP95, AP98) was spread out over a period of over 25 years and many of the
references were not easily accessible. Furthermore, no summary document existed that could
bring all the many different theories and empirical methods together in a single cohesive fashion.
As a result, the first author published a book in 2000, Approximate Methods for Weapon
Aerodynamics.®® This book summarizes all the approximate methods currently in use in the
AP98 and offers many sample calculations.

1.2  AP02 NEW TECHNOLOGY

The primary focus of this report is to summarize the new technology which has been
integrated into the AP98 to form the basis of the AP02. As already mentioned, the first three
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FIGURE 3. NONCIRCULAR CROSS-SECTION, WING-BODY CONFIGURATIONS
FOR THE AEROPREDICTION CODE

versions of the APC focused on meeting guided and unguided projectile requirements (AP72,
AP74, AP77) and the last four versions have focused on meeting missile requirements (AP81,
AP93, AP95, AP98). During the past 20 plus years, many emerging projectile concepts have
been investigated; however, many could not be considered in their entirety by the APC. The
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APC could be used as the workhorse to do many of the aerodynamic calculations, but the
projectile concepts had many design needs that could not be met with even the latest version of
the APC, the AP98. These emerging projectile needs that form the basis of the AP02 are
summarized in Figure 4.

Referring to Figure 4, the first requirement that we addressed for the projectile concepts
was that of providing aerodynamics for concepts that consider 6 and 8 fins as alternatives to 2 or
4 fins, which the AP98 handled. The Extended Range Guided Munitions (ERGM) as well as
other concepts, have considered multi-fins in the past. The present approach is to use the AP98
in conjunction with hand calculations to estimate multi-fin aerodynamics. New technology was
developed®”® and integrated into the AP98 to automate this process.

The next problem area addressed for the projectiles was refinement of the nonlinear
aerodynamic terms. The primary data base upon which these nonlinear terms were developed
was the NASA/Tri Service Data Base.* The Reference 69 data base was developed using a
constant value of r/s of 0.5, which is typical of many missiles. However, many guided
projectiles have fins with fairly large semispans and can have r/s values as low as 0.2. A more
recent data base” was provided to us where r/s was varied from 0.25, 0.33 and 0.5. This allowed
us to refine our nonlinear aerodynamic terms for all normal force and interference effects. The
new technology resulting from the refinement was documented’'” and integrated into the AP98.

ERGM, et al Barrage Round

———

‘¢4;n % %farin AN

A) Modcl Acro of Flapcrons
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D) Improved Nonlincar Acrodynamics
(11799}

£
‘3
=
o]

£3
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© Combine APC With:
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FIGURE 4. AP02 REQUIREMENTS
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The third problem area indicated in Figure 4 for projectiles was dynamic derivatives.
The dynamic derivatives had not been changed since 1977. Specifically, the limitations for the
dynamic derivatives include the lack of a pitch damping term for the flare component of a
projectile configuration. Also, the body alone pitch damping is based on an old empirical data
base, and no nonlinear terms were included in this data base. The first two of these problem
areas were addressed, improved upon, documented,”*’”” and integrated into the AP98 to be a part
of the AP02. The third problem area, a lack of nonlinearities for the dynamic derivatives, was
not addressed due to lack of a good generic data base that covered the flight regimes of interest.
To develop a generic data base, analogous to References 69 or 70, was beyond the scope of
present work.

The fourth problem area addressed for the projectile needs was that of improving the
power-on base drag and providing a base bleed capability. The power-on base drag was
incorporated in the AP81 and had not been changed since that time. This methodology was
improved upon by making it more robust. In addition, a base bleed capability, which has been
requested by projectile designers for over 10 years, was integrated into the APC and will also be
a part of the AP02. The improved power-on base drag methodology was documented in
References 76 and 77.

Another area indicated for improvement in Figure 4 to meet projectile requirements is
that of improving the zero lift axial force for noncircular cross section bodies. Some weapon
concepts, such as the Mission Responsive Ordnance, need the capability to reasonably and
accurately predict axial force so a good trajectory estimate can be made. Some modifications to
axial force for nonaxisymmetric bodies were made and incorporated into the AP98.>° However,
without adequate data, it was not clear if enough refinements in axial force had been made. A
recent data base taken at the Aeroballistic Range Facili'cy78 at Eglin Air Force Base has allowed
the axial force prediction for noncircular bodies to be refined. This refinement has not been
formally documented and this report will serve to meet the formal documentation need.

The final aerodynamic requirement referred to in Figure 4 that the AP98 cannot meet is
to calculate aerodynamics of concepts which use trailing-edge flaps for control. The Barrage
Round is an example of a concept that considered trailing-edge flaps. Again technology was
developed and documented” that will be a part of the AP02. This new technology can only be
applied to the aft located set of lifting surfaces as presently configured for the AP02.

In addition to aerodynamic needs that were not met from a projectile requirements
standpoint, improved productivity for one of the primary applications of the APC aerodynamics
is addressed by the AP02. This application is to use aerodynamics generated by the AP02 as
inputs to trajectory (either ballistic or trim mode) analysis. The AP98 process is to generate a set
of aerodynamics, provide these to a flight dynamicist who will input the aerodynamics into a
trajectory module and generate trajectories. In many cases, aerodynamic design changes are
made as a result of this process and an interaction process between the aerodynamicist and flight
dynamicist begins. The AP02 will contain a module for ballistic and a three degree-of-freedom
code for trim aerodynamics. As a result, a personal computer can be used to rapidly make design
changes and see the results in terms of range and flight performance. This automation of
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incorporation of trajectories into the AP02 should provide significant airframe only in the design
productivity improvements.

Figure 5 summarizes the APC evolution from its inception in 1972 to the present AP02
version that will soon be available.

1.3 SUMMARY OF AEROPREDICTION PRODUCTS PRODUCED

Since this version of the APC may be the last under ONR sponsorship, it is believed
worthwhile to summarize the products produced for the money invested over the last 30 years.
During that time frame, it is estimated a total of 5 to 6 million dollars (in fiscal year 2002 dollars
a factor of 2 would be applied to the 5 or 6 million) has been invested in developing the 8
versions of the aeroprediction code. The products produced include computer codes, new
technologies, training of new engineers, reports, and one book. Table 1A summarizes the first
authors perspective on the new or improved methods that were developed during the 30-year
time frame. These new technologies were documented in References 5-68, 71-77, and 79. The
new technologies developed up through 1998 were then summarized in a book.%® This report
will summarize the new technologies developed since the AP98 was developed.

Table 1B summarizes the products produced from the 30-year technology effort. These
products included 8 versions of the APC. The latest version that is in transition (AP98) has been
transitioned to over 140 requesting organizations. This includes all major Department of
Defense activities (both private and public) involved in the weapons business as well as several
universities. It currently includes 80 publications and several more publications will be added to
fully document the AP02. Some of the intangible products produced are the numerous young
eéngineers who have been trained on the job with some version of the APC. Also, the cost
savings to the many weapons programs that have used the APC in preliminary design is difficult
to estimate.

At the request of several branch heads, the first author has just started providing training
courses on APC theory and use. These courses are not paid for by the Navy technology
sponsors, but by the agencies who send students to the classes. However, it is a means to
continue to provide technical support to the aeroprediction effort and help the technical
community to better use the APC with all its available options. It is also a means to train junior
engineers on fundamental weapon aerodynamics and the use of the code.

2.0 AP02 NEW CAPABILITY

Section 1.2 discussed the new methods that have been developed to meet some of the
needs of the projectile community and those that will be part of the AP02. These methods
included multi-fin aerodynamics, improved nonlinear aerodynamics, improved pitch damping,
improved axial force for nonaxisymmetric bodies, improved power-on base drag (including base
bleed effects), trailing-edge flap technology, and trajectory models. In addition to these new
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TABLE 1A. NEW TECHNOLOGY DEVELOPED IN ENGINEERING AEROPREDICTION AREA

New method for computing wave drag on blunt bodies for Mach numbers 1.2 < M < 2.5
New semiempirical method for estimating base drag

First Aeroprediction Code (coined the term aeroprediction in 1973 and it is widely used in the community
today)

Engineering methods for treating lift and interference of non slender wings with linear theory and slender
body theory .

Empirical method to estimate base drag due to angle of attack and tail fins

Improved method of second-order-shock-expansion theory for blunt bodies

Improved methods for dynamic derivatives

Semiempirical method for transonic wave drag and normal force prediction

New empirical method for magnus prediction due to boattails

New optimization method for design of bodies for minimum drag

A new method for calculating aerodynamics on nonaxisymmetric bodies at low supersonic Mach numbers
Extended second order shock expansion theory to include real gas effects

New pressure prediction methods developed for blunt bodies and to include angle of attack effects
New approximate method for computing heat transfer coefficients

Improved body alone nonlinear lift prediction

New wing-alone, wing-body, and body-wing interference lift methods developed for angle of attack effects
New wing-body interference method due to control deflection

New base drag data base

Improved empirical base drag prediction method

Improved wing-tail interference method

Method to distribute nonlinear loads over wings and body for structural application

Improved method for nonlinear axial force prediction

Improved method for aerodynamics of noncircular cross-section bodies

Simplified method for multi-fin weapon aerodynamics

Improved methods for power-on base drag prediction

Improved method for aerodynamics of trailing-edge flaps

10
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TABLE 1B. PRODUCTS AND TRANSITIONS PRODUCED FROM THE ENGINEERING
AEROPREDICTION TECHNOLOGY

L. Eight (8) versions of the AP Code
1972, 1974, 1977, 1981, 1993, 1995, 1998, 2002
2. Numerous transitions of various versions of code. 1998 version transitioned to over 140 agencies

3. 87 publications with several more planned
e 37 NSWCDD Technical Reports
e 28 Papers at recognized meetings
e 21 Joumal articles
e 1Book

4, Intangible Products
e Training provided to numerous young engineers

e Cost savings to numerous weapons programs due to productivity enhancements and cost effective
accuracy of APC

technologies integrated into the AP02, we have incorporated an aerodynamic smoother at
boundary points where different methods are used to calculate aerodynamics. We have also
upgraded the pre- and post-processor interface to the Fortran computer code that allows
aerodynamics to be obtained several times faster than using the older method of inputs to the
Fortran code. Each of these new methods are discussed in detail in References 67, 68, 71-77,
and 79. Each of the new capabilities will be summarized in this report. For more details on each
new method and for more detailed validation with experiment, the reader is referred to the above
references.

After the new or improved methods added to the AP98 (which will comprise the AP02)
are summarized, it is believed useful to briefly discuss the methods in the AP98 that will remain
unchanged. In fact, most of the theoretical and empirical methods currently in use in the AP98
will remain unchanged. The reader is referred to Reference 59 for a brief summary of the AP98
methods and to Reference 66 for a more detailed summary of the AP98 theory.

2.1  MULTI-FIN AERODYNAMICS CAPABILITY

Work discussed in this section of the report was documented in References 67 and 68 and
the reader is referred to these references for the details of the multi-fin aerodynamics capability.
The work of those two references will be briefly summarized here.

Typical weapon configuration design and control alternatives, for which aerodynamics
are desired, are shown in Figure 6. These configurations define the general requirements to be
considered in the analytical development methodology for multi-fin configurations. In general,
one can have a body-tail configuration that is either guided or unguided. If it is unguided, four,
six, or eight tail fins can be assumed. Should other needs become apparent in the future,
additional fin alternatives could be considered.

11
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WEAPON DESIGN

< _ Top View of Cruciform
i Canard/Tail Case

Canards, Wings Tails

0, 2, or4 Fins 4, 6, or 8 Fins
( ) Rear View
4 Fin 6 Fin 8 Fin

WEAPON CONTROL ALTERNATIVES

Body-Tail Canard or Wing-Body-Tail
Unguided : 4, 6, or 8 Fins Canard Control : 2 or 4 Canards and
Guided :4 Fins 4, 6, or 8 Tails
Tail Control .2, 4, 6, or 8 Canards
and 4 Tails

FIGURE 6. TYPICAL WEAPON DESIGN AND CONTROL ALTERNATIVES

Canard or wing-body-tail configurations have more options for control than body-tail.
The control can be from the canards or wings, in which case there will be two or four canards
(wings) present and either four, six, or eight tail surfaces. Here, the tail surfaces are used
exclusively for stability. For the tail control option, the forward set of lifting surfaces can have
2, 4, 6, or 8 fins; but again, the tail controls are assumed to be cruciform. In effect, the above
alternative design and control constraints are placed on the aerodynamics methodology from a
practical standpoint.

The above set of requirements had to do with the practical configurations for which

aerodynamics are desired. A second set of requirements in the analytical methodology
development had to do with the methodology development approach in the APC. This latter set

12
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of requirements is driven by the APC logic and how to most cost-effectively integrate multi-fin
computations into a code set up for 2- or 4-fin alternatives. The APC logic requirement thus
leads one to define factors by which the 2- or 4-fin aerodynamics can be multiplied so as to make
the minimum amount of changes to the APC.

The multi-fin aerodynamics we are interested in include the effect on axial force, normal
force, center of pressure, roll damping moment, and pitch damping moment. Magnus moment is
presently assumed to be zero for fin-stabilized weapons because of low spin rates (this
assumption may be inaccurate if the spin rate is greater than a few cycles per second). Each of
these aerodynamics will be considered individually.

Based on past experience with calculations of axial force of two fins versus four fins, we
have found reasonable accuracy by taking the axial force coefficient of a single fin and
multiplying it by the number of fins of interest. No interference effect between the body and
fins, other than the base pressure, has been observed. Hence, this assumption will be made for
the axial force of weapons with more than four fins. That is

Ca =Capopy +(Cag J(NF) (1)

However, it should be pointed out that as the number of fins increases from four to eight, the
probability of mutual interference between fins increases. This is particularly true for highly
blunt fin leading edges. Nevertheless, for the time being, Equation (1) will be assumed.

It will also be assumed that the center of pressure of the total normal force contribution of
multi-fins is the same as that of four fins. The total normal force contribution of the fins includes
the normal force of the fins in presence of the body, plus the additional normal force on the body
as a result of the fins being present.

For roll damping moments, the present methodology in the AP98 assumes the fins go to
the centerline of the body, the roll damping of planar fins is computed using linear theory, the
number of fins is accounted for by slender body theory (SBT), and body interference effects are
accounted for by Figure 7. Figure 7 is taken from Reference 80; it basically says that for two- or
four-fin cases, the wing-body roll damping is nearly independent of r/s (where r is the body
radius and s is the body radius plus the wing semispan) for values up to 0.4. After that, the roll
damping goes to the body-alone value in a nearly linear fashion as r/s approaches 1.0. Also, SBT
says that the value of roll damping of eight, six, and four fins compared to that of two fins is 2.3,
2, and 1.62, respectively. These factors are used in conjunction with the roll damping moment of
the fin alone and the interference factors of Figure 7 to compute roll damping of multi-fin
configurations. The only assumption made here is that for six or eight fins, the curve of Figure 7
for four fins can be used directly. This assumption is based on the fact that SBT shows little
difference between two- and four-fin wing-body roll damping as a function of /s, as seen in
Figure 7.

As far as pitch damping moment is concerned, the computational procedure is similar to
that of the roll damping. The wings are assumed to extend to the centerline of the body, the pitch

13
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FIGURE 8. EFFECT OF BODY RADIUS ON DAMPING IN PITCH
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damping of planar wings is computed using linear theory, and then the method of Bryson®' is
used to account for the interference effects of the body in the presence of the wing. Since the
wings are assumed to extend to the centerline of the body and the number of wings will be
accounted for by the factor of the normal force of the wing alone, this wing-body interference
factor will be less than one. Figure 8 gives the SBT interference results for pitch damping

14
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moment for two, four, six, and eight wings. As seen in Figure 8, increasing the number of fins
from two to eight has very little effect for small values of t/s (/s < 0.4), but wing-body
interference has an increasing effect for all fins as r/s approaches 0.6 to 0.8.

SBT states that the normal force of six and eight fins is, respectively, 1.5 and 2.0 times
that of four fins. Experience has shown these factors to be high in general, particularly as AOA
increases. Since the AP98 has all the nonlinearities for the normal force contributions of the
wing, body, and interference terms, it seems logical to assume

2
[CNW(B)’ CNB(w)’ CNT(V) ]6,8 Fin (F6’F8 ) [CNw(B)’ CNB(W)’ CNT(V) ]4 Fin @

where the factors F¢ and Fg must be determined. They are the factors by which we multiply the
cruciform fin normal force components for six- and eight-fin configurations, respectively. These
factors are the SBT factors of 1.5 and 2.0 previously mentioned. However, the SBT values will
be replaced with values appropriate for a given aspect ratio wing at a given AOA and Mach
number. While the factors will be determined explicitly for the wing-body plus the body-wing

contributions to normal force, they will also be assumed to apply to the tail downwash CNT(V)

and pitch damping moment for the time being. Computational Fluid Dynamics (CFD) methods
were used to calculate the factors F¢ and Fg of Equation (2).

Two CFD codes were used in the computational process. They are the ZEUS¥ and
GASP® codes. The ZEUS code is a full Euler solver; the GASP code is a full Navier-Stokes
solver with a subsonic Euler solver option. The ZEUS code uses a marching solution to the
Euler equations. This means the flow along the axial plane must be supersonic in order for the
code to have hyperbolic flow conditions throughout the computational region. This region
encompasses the bow shock to the rear of the body.

Results for the factors Fg and Fg obtained from use of the CFD code in conjunction with
extrapolations of CFD results in some cases is given in Table 2. Table 2, along with
Equations (1) and (2), Figures 7 and 8, and the SBT factors for roll and pitch damping is the
process the AP02 will use for estimating aerodynamics of 6 and 8 fin configurations based on the
aerodynamics of 4 fin cases.

22  AERODYNAMIC SMOOTHER

The APC uses many different methods to predict aerodynamics at a given Mach number
and AOA. At Mach numbers 1.2, 2.0, and 6.0, where one method ends and another method takes
over, discontinuities in aerodynamics can be encountered. The discontinuities are the result of
different methods being used on either side of M. = 1.2, 2.0, or 6.0. The problem does not
appear to be significant at M = 1.2, but at 2.0 and 6.0, these fictitious discontinuities can be
misleading to an unsuspecting user of the APC when they plot the aerodynamics as a function of
Mach number. As an illustration of this problem, consider Figure 9. Figure 9 is an example of a
12-caliber, axisymmetric body, tangent ogive-cylinder configuration with a nose length of
3 calibers. It has aspect ratio 2.0 cruciform delta fins oriented in the ® = 0 deg roll orientation
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TABLE 2. APPROXIMATED VALUES OF THE FACTORS F¢ AND Fg OBTAINED FROM SMOOTHED
VALUES OF THE ZEUS AND GASP CODE COMPUTATIONS AND ENGINEERING JUDGEMENT

AR a Fe Fg
MACH NUMBER MACH NUMBER
0.6 1.5 2.0 3.0 4.5 0.6 1.5 20 3.0 4.5

25 0 1.26 1.37 1.27 1.19 1.22 1.90 1.42 1.4 1.27 1.30
15 1.00 1.00 | 1.10 1.19 1.35 1.45 1.03 1.17 1.27 1.46
30 1.00 1.00 1.00 1.19 1.22 1.00 1.00 1.01 1.27 1.32
45 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
60 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
75 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
.50 0 1.35 1.25 1.20 1.30 1.47 2.00 1.36 1.28 1.35 1.72
15 1.06 1.10 1.15 1.29 1.50 1.50 1.18 1.24 1.40 1.83
30 1.00 1.00 1.07 1.28 1.36 1.00 1.08 1.16 1.41 1.60
45 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.04 1.06 1.20
60 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
75 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.0 0 1.40 1.22 1.35 1.42 1.50 1.92 1.27 1.58 1.96 2.00
15 1.15 1.13 1.23 1.32 1.50 1.69 1.38 1.38 1.80 2.00
30 1.07 1.00 1.00 1.21 1.38 1.43 1.28 1.15 1.64 2.00
45 1.02 1.00 1.00 1.10 1.13 1.20 1.05 1.00 1.48 1.61
60 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.32 1.25
75 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.16 1.00
90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2.0 0 1.42 1.50 1.50 1.50 1.50 1.92 1.77 1.97 1.92 1.90
15 131 1.41 1.27 1.39 1.50 1.70 1.95 1.75 1.77 2.00
30 1.17 1.00 1.03 1.27 1.45 1.47 1.65 1.57 1.62 2.10
45 1.03 1.00 1.00 1.14 1.23 1.25 1.32 1.27 1.47 1.95
60 1.00 1.00 1.00 1.00 1.00 1.02 1.00 1.02 1.32 1.62
75 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.17 1.32
90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

with the leading edge located 7.8 calibers from the nose tip. The moments are taken about the
center of gravity.

The static aerodynamics shown in Figure 9 are axial force, normal force, and pitching
moment coefficients along with the center of pressure. Mach numbers for which the AP98 was
executed were 0.6, 0.9, 1.2, 1.5, 1.99, 2.01, 2.4, 2.95, 3.95, 5.99, 6.0, and 10. The point where
second-order Van Dyke (SOVD) ends and second-order shock expansion (SOSE) takes over was
selected to be 2.0. The point where conventional second-order shock expansion ends and a
modified form of shock expansion theory (MSOSE) takes over is automatically set at 6.0 in the
AP98. Hence, M = 1.99 data is from SOVD, M = 2.01 and 5.99 data are from SOSE, and
M = 6.0 data is from MSOSE. Notice on the C, plot that there is a discontinuity between SOVD
and SOSE at M = 2.0. Also notice on the Cy plot that there is a discontinuity at both M = 2.0
and 6.0. For pitching moment and center of pressure, discontinuities occur only at M = 6.0. The
discontinuities in Figure 9 appear small, but some cases considered in the past have shown
discontinuities larger than these.
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While the numbers in this particular example, due to the different aerodynamic methods,
are less then 5 percent of the totals, the user of the APC is left with the question of which number
to use. Experience has shown in comparison to data that an average of the two numbers is
probably better than using either of the estimates alone. As a result, an aerodynamic smoother
was developed that is based on an average of the values given by SOSE and SOVD at M = 2.0
and an average of SOSE and MSOSE at M = 6.0. The smoother linearly goes to the SOVD
value at M = 1.5 and to the SOSE value of the particular coefficient at M = 2.5. Likewise, the
value of the aerodynamic coefficient at M = 5.0 is based fully on SOSE. At M = 7.0, it is based
on MSOSE. The average value of the two methods is used at M = 6.0.

The mathematics of the aerodynamic smoother at M = 2.0 and M = 6.0 are defined by
Equations (3) and (4).

Smoother at M= 2.0

(Ci)M=l.5 = (Ci)sovm(ci)mz.s = (Ci )soss (3A)
1.5<M<2.0

(Ci )M = (Ci )sovx) + 2(M - 1-5) (Aci )M=2.0 (3B)
20<M<25

(c; )M =(c; )sosrs +2(M -2.5)(AC; )M=2.0 (30O

where (Aci)M=2.0 = ((Ci )SOSE _(Ci)SOVD )/ 2

Smoother at M = 6.0

(Ci )M=5.0 = (Ci )SOSE ’ (Ci)M=7.0 = (Ci)MSOSE (4A)
5.0 < M<6.0

(Ci )M = (Ci )SOSE +(M -5 ~0) (Aci )M=6,0 (4B)
6.0<M<7.0

(c )M =(C; )MSOSE +(M-17.0)(AC; )M=6.0 40

where (ACi )M=6.0 = ((Ci )MSOSE _(Ci )sosx-: )/ 2
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The term C; of Equations (3) and (4) represents any of the static aerodynamic coefficients.
Figure 10 is a qualitative view of what Equations (3) and (4) are doing in terms of modifying the
values of the AP98 so as to eliminate the discontinuities shown in Figure 9.

— AP98 — APOS8
— — — Smoother — — — Smoother

-

1.0 2.0 30 5.0 6.0 7.0

FIGURE 10. USE OF AERODYNAMIC SMOOTHER TO ELIMINATE DISCONTINUITY
IN VALUE OF C;ATM =2 AND 6

Figure 11 shows the new values of normal force coefficient and center of pressure for the
configuration of Figure 9 using the aerodynamic smoother. Note that the discontinuities of
Figure 9 are no longer present in Figure 11 as a result of the aerodynamic smoother. The
smoother only eliminates the discontinuity in the value of the aerodynamic coefficient. It does
not require that the slope of the aerodynamic coefficients ( i.e., dC;{/dM) be continuous in a
mathematical sense. ‘

2.3  IMPROVED NONLINEAR AERODYNAMICS

The APC is a semiempirical code which predicts low AOA aerodynamics primarily based
on linearized, slender body and local slope theories and computes the nonlinear terms
empirically based on several large component wind tunnel data bases.’*"%%35 T illustrate the
semiempirical approach, it is convenient to write the total normal force coefficient equation for a
wing-body-tail configuration as defined by Pitts,’ et al. That is

Cy= CNB +[ (KW(B) + KB(W))a +(kW(B) +kB(W)) SW](CNa )w

(%)
+ [ (KT(B) + KB(T)) a+ (kT(B) + kB(T))ST] (CNOL )T + CNr(v) + CNB(V)

Each of the terms in Equation (5) are composed of a linear and a nonlinear term. Reference 1
only considered the linear term; more recent semiempirical codes include nonlinearities as well
(see References 59, 86, and 87 for examples).
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CONFIGURATION OF FIGURE 9 USING AERODYNAMIC SMOOTHER

The nonlinear terms of the AP98 were based primarily on data bases®**® where 1/s was

a constant (see Figure 2 for nomenclature) value of 0.5. A more recent missile component data
base” varies 1/s from 0.25, 0.33, and 0.5. This more recent data base, which includes wing-
alone, body-alone, and wing-body data should allow refinement in the nonlinear terms that are
used in the AP98 to model Equation (5) and the companion center of pressure representation.
Figure 12 shows the comparisons of the configurations tested in the References 69 and 70 data
bases.

In comparing the AP98 to the Reference 70 data base, it was found that there was good
agreement between theory and data. The average error on normal force and center of pressure
was about 7 percent and 2 percent of the body length, respectively.”! Although these
comparisons are within the desired accuracy levels of +10 percent and :4 percent of body
length for normal force and center of pressure, respectively, there were some areas where the
AP98 accuracy compared to the Reference 70 data base seemed to warrant improvement. These
areas were body-alone normal-force coefficient for M.. > 2.75, body-alone center of pressure in
the transonic Mach number region, and the treatment of the linear term of the body-alone
normal-force coefficient above o =30 deg. For the wing-alone and total configuration
aerodynamics, some slight changes appeared to be needed in the wing-alone aerodynamics and
wing-body interference factors.

In some later undocumented work, several fine tuning changes were found to be needed
for the nonlinear interference terms for control deflection of Equation (5). Hence, this section of
the report summarizes the changes previously documented’"” for the nonlinear aerodynamic
terms for the wing- and body-alone and the wing-body and body-wing interference due to AOA.
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In addition, some late refinements for the wing-body and body-wing interference due to control
deflection that were not formally documented will be documented at this time.

2.3.1 Body Alone Modifications

In comparing the AP98 to the body-alone wind tunnel data of Reference 70, good
agreement in center of pressure and normal force were obtained. Average errors of normal force
were less than 6 percent and center of pressure less than one-fourth caliber or 2 percent of the
body length. These average errors were calculated using optimum values of the critical
crossflow Mach number and Reynolds number, which is quite important for M. < 1.2

comparisons. Reynolds number Re; was a constant 3.3 x 10°, and M, . Vvaried from O at

M..= 0.6 to 0.06 at M. = 0.9. Also, error values were calculated at each 5-deg AOA at all Mach
numbers where data were available. This gave a total of 40 data points, sufficiently large to get a
good statistical average error.

In viewing the individual comparisons, it was clear that a couple of minor problems
existed which, if corrected, could somewhat improve these average errors. The first one has to
do with the current body-alone methodology for implementing compressibility effects into the
nonlinear normal-force term. The present methodology for the body-alone aerodynamics in the
normal plane is

Cyg =Cn, +1Cy_sin’ a(Ap/A ) ©6)
Xcp =[(ch )LCNL +(Xcp )NLCNNL]/CNB (M
CMB = “CNB(XCP —Xo) 3

In addition, an empirical table of center of pressure shifts was used for the body-alone to
partially account for physics not adequately accounted for in the determination of center of
pressure. These physics include the following: transonic flow where shock waves can stand on
the body, that the linear theory center of pressure does not stay constant as is presently assumed,
and that the center of pressure moves in a parabolic fashion (vs a weighted average as
represented by Equation (7)] from its value at a = 0 to the centroid of the planform area at a high
AOA, for example, 45 deg.

Three slight changes in the Reference 59 methodology are being implemented as a result
of comparisons of the Reference 70 data base. The first has to do with the value of 1, which is
the normal force of a circular cylinder of given length-to-diameter ratio to that of a circular

cylinder of given length. Likewise, 1) is the value of 1 at My = 0. At present,

n=[(1-n)/1.8My +n, for My <18
©)
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n=[(1-n,)/1.8]My +n, for My <18

©)
n=1 for My=2138

Also, 1) is automatically set to one if M > 2.75. This last condition, where 7 is automatically set
to one, appears to not be necessary. In other words, Equation (9) is allowed to completely
determine the value of n. This change mainly affects normal-force results for conditions just
above the cutoff Mach number 0f 2.75.

The second change implemented as a result of the Reference 70 data base has to do with
the empirical table for the center of pressure shifts. Some slight changes were implemented that
mainly affect results in the transonic region at lower AOAs. The Reference 70 data base had
Mach 0.9 data available, which allowed the results of Reference 59 to be somewhat improved.
These modified results are provided in Table 3. They result in some slight improvement in the
average center of pressure error for the AP98 from about 0.25 to 0.2 caliber. The 0.2 caliber
error is an average error of about 1.6 percent of the body length. :

The third body-alone change has to do with the way the linear and nonlinear terms of
Equation (6) are treated as o increases above 30 deg. The AP98 methodology assumes

Cy, =(Cy_ Jo. <30

(10)
Cy, =(Cn, ) [1-(e=30)/60], 30<a<90

TABLE 3. SHIFT IN BODY-ALONE CENTER OF PRESSURE AS A FUNCTION OF MACH NUMBER
AND AOA (AS A FRACTION OF BODY LENGTH)

« 0 10 20 30 40 50 60 70 80 90

0.00 0.00 0.025 0.02 0.000 | -0.025 | -0.040 | -0.040 | -0.030 | -0.010 0.00

0.20 0.00 0.025 0.02 0.005 | -0.025 | -0.040 | -0.045 | -0.030 | -0.010 0.00

0.40 0.00 0.03 0.025 | 0.005 | -0.025 | -0.040 | -0.050 { -0.030 | -0.015 0.00

0.60 0.00 0.03 0.025 | 0.00 -0.035 | -0.055 | -0.070 | -0.050 | -0.030 0.00

0.80 0.00 0.030 0.020 | -0.025 | -0.050 | -0.070 | -0.070 | -0.050 | -0.015 0.00

0.90 0.00 0.030 0.020 | -0.02 -0.050 | -0.070 | -0.070 | -0.040 | -0.015 0.00

1.00 0.00 0.02 -0.01 | -0.02 -0.040 | -0.040 | -0.040 | -0.030 | -0.005 0.00

1.15 0.00 0.02 -0.01 | -0.02 -0.020 | -0.025 | -0.030 | -0.025 | -0.005 0.00

1.30 0.00 0.02 -0.01 | -0.01 -0.010 | -0.010 | -0.010 | -0.005 0.000 0.00

1.50 0.00 0.02 -0.01 0.000 0.000 0.000 | -0.010 | -0.005 0.000 0.00

2.00 0.00 0.02 0.02 0.020 0.015 0.010 | 0.005 0.000 0.000 0.00

2.50 0.00 0.02 0.02 0.02 0.015 0.010 | 0.005 0.000 0.000 | 0.00

5.99 0.00 0.02 0.02 0.02 0.015 0.010 | 0.005 0.000 0.000 0.00

26.00 0.00 0.02 0.02 0.02 0.015 0.01 0.005 0.000 0.000 { 0.00
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In reality, the linear term does not decay in the fashion of Equation (10), but is probably more
parabolic in nature. Therefore, a better representation of the physics is assumed to be

Cx, =(CNu)a, o <30deg

Cny =(Cny )., 30deg<a<45deg
' 11)
Cn, =(Cny ) [1-(a—45)/45]

45 deg < =90 deg

Figures 13 and 14 compare the AP98 methodology to the AP02, which includes the three
body-alone changes discussed. Figure 13 is the Reference 70 data base and Figure 14 is the
Reference 69 data base. Results are shown only for Mach numbers above 2.75 because this is

,l
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FIGURE 13. COMPARISON OF MODIFIED BODY-ALONE AERODYNAMICS METHOD
TO EXPERIMENT FOR REF. 70 MODEL OF FIG. 12
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FIGURE 14. COMPARISON OF MODIFIED BODY-ALONE AERODYNAMICS METHOD
TO EXPERIMENT FOR REFERENCE 69 MODEL OF FIGURE 12

2.3.2 Wing-Alone Modifications

The wing-alone methodology of Reference 59 assumed the wing-alone normal-force
could be predicted from a fourth-order equation in AOA. That is, assuming no wing camber,

Cny =210y +a,a2 +aa® +a,at (12A)
8, =34.044(Cyy )15 geg — 4824(Ct )ssaeg + 0:426(C )gogoaeg — 64128, (12B)
a3 = -88.240(C )yors gog T 23-032(C )yossaeg —2-322(Cy )yogoaeg +114642,  (120)
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Cny =20y, +8,05 +a;a), +a,a), (124)

8, =34.044(Cy ), is e — 482H(C )oozsaog +0-426(C )yogoaes ~6:4123,  (12B)

a; = —88.240(Cy) +23.032(Cy), ~2.322(Cy )yogoqe +11464a,  (120)

a=15deg =35deg

a, =53.219(Cy) ~17.595(Cy) +2.661(Cy) ~-5971a,  (12D)

a=15deg a=35deg a=60 deg

The term a; of Equation (12) is the value of wing-alone lift curve slope at & = 0 given by
linear theory. The terms (Cn)a = 15 degs (CN)ex = 35 deg> and (Cn)a = 60 deg are values of wing-alone
normal-force coefficients at o« = 15, 35, and 60 deg, respectively, defined by the data bases of
References 84, 85, and 86. Above o, of 60 deg, extrapolation of the aerodynamics at &, of

60 deg is used. For more details of the method, the reader is referred to Reference 42.

The center of pressure of the wing-alone and wing-body normal-force is assumed to vary
in a quadratic fashion between its linear theory value near & = 0 and the centroid of the planform
area at o = 60 deg. If A and B are the centers of pressure of the linear and nonlinear normal-
force terms (in percent of mean geometric chord), and aw = o + 0, then the center of pressure of
the wing-body or wing-alone lift is

(Xerwa =(Xer Dy = A-+(1/36)ay|(B - A)+(1/5400)0cy (A ~B) (13)

Equation (13) is the methodology used for the roll position of 0 deg. For the roll position of
45 deg, an equation for a center of pressure shift was derived from Reference 71 to account for
the difference in load on the windward and leeward planes. This shift is added to Equation (13)
for the roll position of ® = 45 deg and is

(AX cp g = Ar +[b /e, +¢ (e, /2 ~c, /3)} cos®? sin(2a)(0.8c/65)0 < 65 deg (14A)

= —0.8{r +[b /(cr + ct)](cr /2-c, /3)} cos®? sin(Za);a > 65deg (14B)

Equations (14a) and (14b) contain a correction to the original center of pressure shift
derived in Reference 46. This change is the square of the cos @ term in Equation (14), whereas
in Reference 46 the cos (®) term was to the first power. The reason for the square is the fact that
the cos (®) term does two things. First, it rotates the normal force to a plane normal to the body
axis as opposed to being normal to the wing. Second, the cos (P) term rotates the radius vector
to the lateral center of pressure of the wing from the ® roll position to the horizontal plane.
Reference 46 omitted this last rotation, causing a slightly more forward center of pressure shift at
roll than was warranted.

As already mentioned, one of the keys to the Reference 59 method was the development
of the wing-alone normal-force coefficient tables for values of a, of 15, 35, and 60 deg. The
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NASA/MDAC” wing-alone data base had, in principle, a couple of advantages over the
databases used to develop the wing-alone tables at o = 15, 35, and 60 deg used in the wing-alone
prediction methodology of the AP98 (Reference 59). First of all, the Reference 70 data base
measured wing-alone data for the & = 0-90 deg and from M. = 0.6 to 4.0. The data bases
comprising the tables in Reference 59 consisted of several different sets of data (see
References 84, 85, and 86) to cover the Mach number range of interest. In some cases, data from
References 84, 85, and 86 was available only to 60-deg AOA, and in some data bases the data
tended to give a stall effect at higher AOA, rendering it unusable. On the other hand, data from
Reference 70 was more limited in wing planforms considered than in some of the other data
bases (References 84, 85, and 86).

As a result of the new data base from Reference 70, it was decided to compare the
Reference 70 data base to the AP98 tables as well as the Reference 84 data, which the author still
believes is the best wing-alone data base available. Comparisons were made as a function of
AOA, aspect ratio, Mach number, and taper ratio. Figures 15 and 16 compare the results of the
Reference 84 data base and the recent NASA/MDAC™ data base at Mach numbers of 1.6 and
4.0, respectively, for fins 7 and 8 of Reference 70. Fin 7 is of aspect ratio 1.0 with taper ratio 0,
and has a semispan of 1.5 inches, whereas fin 8 is of aspect ratio 2, taper ratio 0, and semispan
3.0 inches. Figures 15 and 16 also show the results from the AP98 method and revisions to the
wing-alone tables to be incorporated in the AP02. Several points are worthy of note. First, at
both M.. = 1.6 and 4.0, the Reference 70 and 84 data are in excellent agreement for fin 8 up to
AOA of 40-45 deg. Above o =45 deg, the Reference 70 data stalls. Also, the Reference 70 data
is consistently about 10 percent lower than the Reference 84 data for fin 7 at M. = 1.6 and 4.0. It
is theorized that because the Reference 70 data were taken with a splitter plate and Reference 84
with a sting, the differences in the data are due to the measurement. It is suspected that for the
lower semispan, boundary-layer buildup ahead of the fin on the splitter plate is the source of the
10 percent lower value of Cy =~ of Reference 70 data compared to Reference 84. In other words,
for small-span wings, the lower dynamic pressure due to the boundary layer near the root chord
has more of an effect than for the larger-span wings. This effect is magnified for small taper
ratios because the wing cross-sectional area is the largest at the root chord. It is not known why
the flow stalls above about 45 deg for the splitter plate results. However, this stall effect was the
case for most of the Reference 70 results. As a result of these two phenomena, it was decided to
use considerable judgement before using any of the Reference 70 results for the 1.5-inch
semispan or for any span above & = 45 deg. The final point to be made in viewing Figures 15

and 16 is that the revised values of Cy , which will be incorporated into the AP02, are closer to
the Reference 84 data than the AP98. The AP98 had intentionally increased the values of Cy,

to somewhat account for the Reference 84 data having been taken on fairly thick wings to
accommodate many pressure taps. It was theorized that these thick wings would unrealistically

lower Cy,, . The revised data decreases this thickness penalty and is, therefore, much closer to

the Reference 84 data. Other values of revised wing-alone normal-force coefficients are given in
Table 4.
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FIGURE 15. COMPARISON OF NASA/MDAC’® WING-ALONE DATABASE TO
THAT OF REFERENCE 84 (M., = 1.6)

28



NSWCDD/TR-01/108

Fin7 (AR=1.0. A=0,b/2 = 1.5)
A  NASA/TRI-SERVICE™
© NASA/MDAC™

———— AP98
~ =~ Revised Tables

1.5
Crw
1.0
0.5
0 20 40 60 80 1k
o (deg)

Fin8 (AR=2.0.A=0.b/2=3.0)
A NASA/TRI-SERVICE®

© NASA/MDAC™
— AP98
- - Revised Tables

i
15 P~ A/’———
[}
C o
MW1_0 e ’ (o}
/- ° 5
05 p=
il | 1 1 1 P
0 20 40 60 80 100
o (deg)

FIGURE 16. COMPARISON OF NASA/MDAC® WING-ALONE DATABASE TO
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2.3.3 Refinements for Wing-Body and Body-Wing Interference Factor Nonlinearities Due to
Angle of Attack

This part of the report considers refinements in the empirical factors used to model the
nonlinearities in the wing-body and body-wing interference factors due to AOA. Also, the focus
here will be on the roll orientation of ® = 0 deg (fins in plus + roll orientation). The ® = 0 deg
roll emphasis is driven by the Reference 70 data base only having ® = 0 deg data available.
However, when changes are made in the empirical constants for ® = 0 deg, changes in the
® = 45 deg roll will also be considered. To better understand the interference lift components, 1t
is instructive to examine Equation (5).

The first term in Equation (5) is the normal-force of the body-alone, including the linear
and nonlinear components; the second term is the contribution of the wing (or canard), including
interference effects and control deflection; the third term is the contribution of the tail, including
interference effects and control deflection; and the last terms are the negative downwash effect
on the tail or body due to wing-shed or body-shed vortices. The K’s represent the interference of
the configuration with respect to AOA, and the k’s represent the interference with respect to
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TABLE 4A. VALUES OF (Cy, ) ..

ASPECT | TAPER MACH NUMBER
RATIO | RATIO | 06 | 08 1.0 12 1.6 2.0 30 | 45 | 260
0.0 18 A8 | 18 | 225 | 24 | 24 | 21 17 14 11
<0.1 05 19 | a9 | 19 | 225 | 24 | 24 21 17 14 11
1.0 9 | a9 | a9 | 225 | 24 | 24 | 21 | a7 | 14 | 11
0.0 28 20 | 30 | 32 | 32 | 32 | 30 24 18 16
05 0.5 39 | 41 | 415 | 43 43 | 45 38 30 | 22 19
1.0 34 | 34 | 36 | 42 | 4 | 43 37 30 | 22 19
0.0 43 44 | 46 | 50 | 54 | 46 42 32 | 22 18
1.0 0.5 47 50 | 55 | .65 66 | .58 45 34 24 21
1.0 46 | 48 | 52 | .58 60 | .54 45 35 26 | 22
0.0 55 59 | 6 | 72| 70 | 62 50 | 34 | 27 23
2.0 05 56 | 59 | 66 | .76 | 80 | .68 54 40 | 30 | 27
1.0 65 66 | .71 75 80 | .67 54 40 | .29 27
00 | .65 66 | 71 79 | .83 70 | .59 39 31 26
24.0 05 69 | 71 75 | .88 91 5 69 45 32 | 29
1.0 6 | 71 75 | .88 91 75 67 45 31 29

control deflection. Each of these interference factors is estimated by slender body or linear
theory. As such, they are independent of AOA.

The terms considered for refinements in this section of the report are Kw), Kpw), K1(s),
and Kp(r). These four interference factors are defined in the general form

K=Kg, +AKM_, o, AR, ) (15)
LT

The first term of Equation (15) is defined by linear theory or slender body theory; the second
term is defined by utilizing several large wind tunnel data bases to back out the nonlinearities as
a function of Mach number, AOA, aspect ratio, and taper ratio. The general nonlinear trend of
those two interference terms is shown in Figure 17. This general trend is basically the same for
both the @ = 0 and @ = 45 deg roll orientations. However, the five tables of data that define the
empirical constants in the equations of Figure 17 are different for ® = 0 and ® = 45 deg for both
Kw) and Kgw). As already discussed, for cruciform missiles, SBT gives no roll independence
for low AOA values of Kwg) and Kgw).

As seen in Figure 17, Kw, in general can deviate slightly from SBT or LT near AOA of
0 deg. It then decreases until it reaches a minimum value and then approaches a value of 1.0 at
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a=35°

ASPECT | TAPER MACH NUMBER
RATIO | RATIO | o 06 | 08 1.0 12 16 | 20 | 30 | 45 | 260
0.0 113 | L13 | 113 | 1.03 | 92 | .76 | .65 59 | .53 50
<0.1 0.5 97 1.0 1.0 10 | 9 | 8 | .75 6 | 60 | .56
1.0 97 10 | 10 10 | 97 | 91 3 74 | .65 62
0.0 .10 | 11 11 | 103 | 101 | 95 | .85 72 | 66 | .62
0.5 0.5 100 | 113 | 116 | 128 | 125 | 112 | .95 80 | .72 70
1.0 106 | 108 | 113 | 119 | 122 | 115 | 1.0 | .82 70 68
0.0 123 | 123 | 124 | 125 | 119 | 110 | 99 | .82 72 70
1.0 0.5 126 | 128 | 130 | 133 | 140 | 120 | 1.0 | .85 78 75
1.0 122 | 124 | 126 | 129 | 136 | 120 | 1.08 | 90 | .78 74
0.0 99 | 101 | 113 | 120 | 128 | 118 | 105 | 90 | 76 | .72
2.0 0.5 100 | 1.07 | 118 | 131 | 141 | 128 | 118 | 98 | .84 80
1.0 98 | 105 | 1107 | 123 | 134 | 126 | 113 | 97 | 85 80
0.0 97 | 105 | 117 | 120 | 133 | 120 | 110 | .95 82 78
>4.0 0.5 103 | 108 | 122 | 130 | 140 | 130 | 122 | 1.02 | 89 | .85
1.0 103 | 1.09 [ 121 | 1.3 14 13 | 122 | 1.02 | .89 85

" TABLE4C. VALUES OF (Cy,, ) ..

ASPECT | TAPER MACH NUMBER
RATIO | RATIO | ¢ 0.6 0.8 1.0 1.2 1.6 | 22 30 | 45 | 260
0.0 100 | 111 | 115 | 126 | 133 | 137 | 145 | 14 | 135 | 13
0.5 0.5 134 | 135 | 14 | 145 | 152 | 156 | 148 | 143 | 139 | 1.36
1.0 1290 | 130 | 132 | 137 | 147 | 152 | 148 | 144 | 139 | 136
0.0 144 | 146 | 149 | 153 | 156 | 1.61 | 157 | 144 | 137 | 134
1.0 0.5 140 | 142 | 145 | 153 | 158 | 1.70 | 159 | 148 | 142 | 1.38
1.0 133 | 134 | 135 | 144 | 162 | 172 | 158 | 147 | 140 | 137
0.0 132 | 133 | 136 | 148 | 159 | 174 | 168 | 147 | 138 | 135
2.0 0.5 130 | 131 | 137 | 148 | 163 | 1.8 | 176 | 1.56 | 146 | 1.43
1.0 130 | 131 | 137 | 148 | 163 | 176 | 173 | 1.53 | 146 | 143
0.0 127 | 128 | 137 | 150 | 164 | 1.80 | 170 | 149 | 14 | 137
24.0 0.5 131 | 132 | 140 | 15 | 164 | 18 | 177 | 156 | 15 | 146
1.0 131 | 132 | 140 | 15 | 164 | 178 | 175 | 1.55 | 148 | 145
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FIGURE 17B. GENERIC REPRESENTATION OF Kgw, WITH AOA

high AOA. On the other hand, Kpw) can either increase or decrease past AOA of 0 deg.
Eventually, it also decreases until it reaches some minimum value at high AOA. The physics of
what occurs in this nonlinear behavior and the details of the interference factor nonlinearities are
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given in References 39 and 46. For ease of reference for the reader, a brief discussion of the
physics of the flow that underlies Figure 17 is provided.

In examining the nonlinear models for Kw) and Kgw) of Figure 17, it is instructive to
try to correlate the mathematical models with the physics of the flow. The wing-body
interference factor is somewhat easier to understand than the body-wing interference. The wing-
body experimental data show that at low Mach number, SBT slightly underpredicts the
experimental data. As AOA is increased, Kwg, starts decreasing and in some cases decreases
below its wing-alone value. As AOA increases, Kwg, approaches its wing-alone value. As
Mach number increases, the positive interference lift on the wing, caused by the presence of the
body, is lost faster and faster as AOA increases. That is, the wing-alone solution is recovered
much faster at high Mach number as AOA increases, than at low Mach number. This is believed
to be the result of the Newtonian Impact mechanism where, at high Mach number, the
momentum of the air particle is lost almost entirely upon direct impact on a surface as opposed
to wrapping around the surface and carrying some of the momentum with it, as at low Mach
numbers.

The Kpw) model contains body vortex effects, nose- and wing-to-wing shock effects, as
well as the usual added dynamic pressure of the body caused by the presence of the wing. While
some of the trends in Figure 17 can be rationalized, others cannot except in light of these
combination effects. The alternative to simultaneously modeling several physical phenomena is
to try to estimate the effects of the body vortices and nose- and wing-shock interactions and
subtract them from the experimental data for the configuration tested and then add them back in
analytically for another configuration of interest. This process not only complicates the
methodology, but adds additional inherent errors because these effects cannot be easily and
accurately estimated. The present approach neglects some of the scale effects caused by the
position of the wing on the body. However, this error is probably smaller than the results of
analytically approximating the other effects, subtracting them, and then adding them again for a
different geometrical configuration.

In general, Kgw) actually increases with AOA at low Mach numbers to a certain point,
where it starts decreasing analogous to Kwe). However, a certain amount of lift or force
enhancement is gained all the way to & = 90 deg for low Mach numbers as shown in Figure 17.
This phenomenon is assumed to occur all the way to M = 6.0 based on extrapolated data from the
point where experimental data end, which is AOA of 25 to 40 deg depending on Mach number,
to & = 90 deg shown in Figure 17.

Additional higher AOA data above & = 40 deg is needed for both Kw) and Kpw) to
modify the assumed extrapolations of the models for Kw, and Kgw, at high AOA. However,
until additional data are available, the approximate nonlinear models for Kwg, and Kgw) can be
used to estimate aerodynamics for engineering use. This statement will be validated for a limited
set of flight conditions in a later section.

The way the nonlinearities are treated for the second term of Equation (15) is by using
five tables for AKwg, and five tables for AKgw) . Also, these tables are different for ® = 0 and
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45 deg roll orientation. These tables define the parameters shown in Figure 17. The definition
of these 10 parameters is as follows:

[AK wB)Ja=0
¢

da

tp
oM
[AKpw)lo=0

dK 5w,
da

o
o2

[Kew)lmmn

= difference between SBT and dataat ¢« =0

= angle of attack where Kvg) starts decreasing

= rate of decrease of Kwg) between & = at¢c and o = ap

= angle of attack where Kwg) reaches an initial minimum
= angle of attack where Kg) reaches a constant value

= difference between SBT/LT and data at ¢ =0

= rate of change of Kg(w) between o= 0 and & = 0,

= angle of attack where dKgwyda changes sign
= angle of attack where Kg(w) reaches a constant

= constant value of Kgw) above & = o, as a percent of linear theory or slender
body theory

The mathematical models for Kwg) and Kgw) are once again defined based on SBT/LT
and the empirical data for the constants previously defined. The specific equations for Kyg) are

Kuwe =Koy kgy +HAK waay|,_o3 @ < e (16A)

- dKwe |
_[KW(B)]SBT +[AKW(B)L=0 +| (|a|-—ac)| ;0 <a<ag (16B)
=1—(:ML:£%) (1—[KW(B)L=%);CLD <a <oy (16C)
Kwe =[KW<B)L=<,M ;0> 0y (16D)

The specific mathematical model for Kgw) is given by Equations (17A) through (17C).
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Fora < o,
K = Kaow iz + 8Ky |, +|a|EI—<&%‘Lﬂ (174)
For o) < o < o,
oo sl {2 R L Bl 07
For a > ay,
Kw) =[Ka(w>]MIN (17C)

Tables 5 through 14 give the revised set of values for the 10 empirical constants of
Figure 17 for the ® = 0 deg roll orientation and Tables 15 through 25 give values of these same
constants for ® = 45 deg roll.

The revised values of the empirical constants in Tables 5 through 25 were derived
primarily based on comparing the AP98 (including the revisions of Sections 2.1 and 2.2 of this
report) to the wing-body data base of Reference 70. The empirical constants were then adjusted
on a case-by-case basis to improve the overall predictions of theory to data. Some tables were
hardly changed from those of Reference 59. Other tables, such as Tables 11 and 22, were
significantly changed.

TABLE 5. DATA FOR [AKW(B)]a=0 AT ®=0DEG

MACH NUMBER

ASPECT | TAPER <0.1 | 06 0.8 1.2 1.5 2.0 2.5 3.0 35 4.5 | 250
RATIO RATIO '

<0.25 0,05,1.0 0 25 25 15 0 0 0 0 0 0 0
0.5 05 - .05 .05 .05 .05 0 0 0 0 0 0 0
1.0 0.5 25 .15 .05 0 0 0 0 0 0 0 0
22.0 0.5 .20 1 0 0 0 0 0 0 0 0 0
0.5 0 .30 35 2 18 0 0 0 0 0 0 0
1.0 0 35 29 .16 .06 0 0 0 0 0 0 0
22.0 0 27 .29 .10 .10 0 0 0 0 0 0 0
0.5 1.0 .05 .05 .05 .05 0 0 0 0 0 0 0
1.0 1.0 25 15 .05 0 0 0 0 0 0 0 0
22.0 1.0 .20 N 0 .10 0 0 0 0 0 0 0
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TABLE 6. DATA FOR o (deg) AT ® = 0 DEG

MACH NUMBER

ASPECT | TAPER <01 | 06 0.8 1.2 1.5 2.0 25 3.0 3.5 4.5 >5.0
RATIO RATIO

<0.25 0,05,1.0 30.0 | 22.0 | 22.0 | 10.0 0 0 0 0 0 0 0
0.5 0.5 300 § 173 | 11.5 | 10.0 0 0 0 0 0 0 0
1.0 0.5 30.0 | 20.0 | 15.0 | 10.0 0 0 0 0 0 0 0
22.0 0.5 20.0 | 15.0 | 10.0 | 15.0 0 0 0 0 0 0 0
0.5 0 20.0 ; 12.0 | 10.0 | 10.0 0 0 0 0 0 0 0
1.0 0 40.0 | 20.0 | 15.0 | 10.0 0 0 0 0 0 0 0
22.0 0 10.0 | 20.0 | 15.0 | 15.0 0 0 0 0 0 0 0
0.5 1.0 300 | 173 | 100 | 10.0 0 0 0 0 0 0 0
1.0 1.0 30.0 | 15.0 | 125 | 10.0 0 0 0 0 0 0 0
22.0 1.0 100 | 15.0 | 15.0 | 150 0 0 0 0 0 0 0

TABLE 7. DATA FOR [K s, ]m AT ®=0DEG
=“D

MACH NUMBER

ASPECT | TAPER <0.1 0.6 0.8 1.2 L5 2.0 2.5 3.0 3.5 4.5 25.0

RATIO RATIO

<0.25 0,0.5,1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.5 0.5 1.0 1.0 1.0 1.0 1.0 1.0 .95 1.0 97 1.0 1.0

1.0 0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
| 22.0 0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
! 0.5 0 1.0 1.0 1.0 1.05 .90 .90 .90 .90 .90 .90 1.0
! 1.0 0 1.0 1.0 1.0 .95 1.0 1.0 1.0 1.0 1.0 1.0 1.0

22.0 0 1.0 1.0 .95 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.05 | 1.15 | 1.13 | 1.15 1.0

1.0 1.0 1.0 1.0 1.0 95 .95 .95 1.0 1.0 1.0 1.0 1.0

22.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 .93 90 .95 1.0
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MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 2.5 3.0 3.5 4.5 25.0
RATIO RATIO

<0.25 0,05,1.0 80.0 | 40.0 | 38.0 | 35.0 | 350 | 35.0 | 300 | 250 | 200 | 150 | 15.0
0.5 0.5 700 | 33.0 | 314 | 275 | 300 | 168 | 17.8 | 17.0 | 150 | 15.0 | 14.0
1.0 0.5 60.0 | 32.5 | 440 | 220 | 200 | 225 | 175 18.0 10.0 | 17.0 | 150
22.0 0.5 45.0 | 350 | 440 { 400 | 250 | 165 | 17.0 | 160 | 10.0 | 12.0 | 15.0
0.5 0 700 | 30.0 | 30.0 | 21.2 | 250 | 150 | 140 | 150 | 150 | 120 | 115
1.0 0 650 | 31.0 | 390 { 20.0 | 180 | 215 | 160 | 17.0 | 11.0 | 13.0 | 13.0
22.0 0 500 | 35.0 | 350 | 30.0 | 250 | 20.0 | 17.7 | 17.0 | 120 | 126 | 115
0.5 1.0 700 | 33.0 | 342 | 26.0 | 300 | 142 | 17.0 | 134 | 11.8 | 122 | 115
1.0 1.0 60.0 | 33.0 | 400 | 21.0 | 200 | 220 | 170 | 160 | 9.0 140 | 12.0
22.0 1.0 45.0 | 35.0 | 350 | 40.0 | 25.0 | 180 | 150 | 155 | 12.0 | 12.6 | 115

TABLE 9. DATA FOR oy (deg) AT @ = 0 DEG
MACH NUMBER

ASPECT | TAPER 0.1 | 0.6 0.8 1.2 L5 20 2.5 3.0 3.5 4.5 25.0
RATIO RATIO

£0.25 0,05,1.0 80.0 | 450 | 450 | 40.0 | 440 | 38.0 | 500 | 46.0 | 50.0 | 50.0 | 46.0
0.5 0.5 80.0 | 33.0 | 314 | 40.0 | 50.0 | 17.0 | 40.0 | 17.0 | 40.0 | 150 | 14.0
1.0 0.5 80.0 | 33.0 | 450 | 45.0 | 50.0 | 50.0 | 50.0 | 36.0 | 33.0 ; 17.0 | 17.0
22.0 0.5 80.0 | 43.0 | 450 | 45.0 | 50.0 | 50.0 | 50.0 | 36.0 | 33.0 | 17.0 | 17.0
0.5 0 80.0 | 30.0 | 30.0 | 40.0 | 50.0 | 48.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0
1.0 0 80.0 | 31.0 | 40.0 | 50.0 | 42.0 | 50.0 | 50.0 | 50.0 | 44.0 | 40.0 | 40.0
22.0 0 80.0 | 43.0 | 450 | 450 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 35.0
0.5 1.0 80.0 | 33.0 | 342 | 500 | 31.0 [ 50.0 | 500 | 50.0 | 50.0 | 50.0 | 50.0
1.0 1.0 80.0 | 33.0 | 40.0 | 50.0 | 42.0 | 50.0 | 50.0 | 50.0 | 440 | 40.0 | 40.0
22.0 1.0 80.0 | 430 | 45.0 | 450 | 250 | 18.0 | 150 | 36.0 | 33.0 | 37.0 | 30.0
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TABLE 10. DATA FOR [AKpwhle-0 AT @ = 0 DEG

MACH NUMBER
ASPECT | TAPER <0.1 0.6 0.8 1.2 1.5 2.0 2.5 3.0 3.5 4.5 25.0
RATIO RATIO
<0.25 0,0.5,1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.5 0.0 -28 | -.15 .16 A5 .05 0.0 0.0 0.0 0.0 0.0
1.0 0.5 0.0 -20 | -.20 A5 .10 15 0.0 0.0 0.0 0.0 0.0
22.0 0.5 0.0 -20 | -.07 1 18 .10 0.0 0.0 0.0 0.0 0.0
0.5 0 0.0 -33 | -.30 .28 .20 .10 .08 0.0 0.0 0.0 0.0
1.0 0 0.0 -24 | -.25 .05 2 .05 0.0 0.0 0.0 0.0 0.0
>2.0 0 0.0 -.20 0.0 A7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5 1.0 0.0 -28 | -.15 A3 15 .10 0.0 0.0 0.0 0.0 0.0
1.0 1.0 0.0 -20 | -.20 22 .10 .05 0.0 0.0 0.0 0.0 0.0
22.0 1.0 0.0 -20 | -.07 17 .20 .10 15 0.0 0.0 0.0 0.0
TABLE 11. DATA FOR dKpwy/de (per deg) AT ® = 0 DEG
MACH NUMBER
ASPECT | TAPER | 0.1 0.6 0.8 1.2 1.5 2.0 2.5 3.0 3.5 4.5 25.0
RATIO RATIO
<0.25 (1), (:).5, 0.0 0.0 0.0 0.0 0.0 0.0 -.006 | -.008 | -.010 | -.020 | -.024
0.5 0.5 .003 | .023 | .023 -.009 | -.018 | -.020 | -.015 | -.014 | -.015 | -.016 | -.020
1.0 0.5 .003 | .012 | .006 | -.0075 | -.014 | -.016 | -.013 | -.014 | -.015 | -.020 | -.020
22.0 0.5 .003 1 .006 0.0 0.0 0.0 -.008 | -.012 | -.014 | -.015 | -.0i6 | -.020
0.5 0 .003 | .035 | .028 0.0 0.0 0.0 -.004 | -.014 | -.015 | -.016 | -.020
1.0 0 .003 | .020 | .0225| -.0075 | -.011 | ~.012 | -.013 | -.014 | -.015 | -.020 | -.020
22.0 0 .003 | .008 | .006 0.0 0.0 -.008 ! -.012 [ -014 | -.015 | -.016 | -.020
0.5 1.0 .003 | .038 | .033 -.003 -.010 | -.020 | -.015 | -.014 | -.015 | -.016 | -.020
1.0 1.0 .003 | .007 | .005 | ~.0075 | -.014 | -.016 | -.015 | -.016 | -.016 | -.020 | -.020
22.0 1.0 .003 | .006 [ 0.0 0.0 0.0 -.008 | -.012 | -.014 | -.015 | -.0l6 | -.020
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TABLE 12. DATA FOR «; (deg) AT ® = 0 DEG

MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 2.5 3.0 3.5 45 | 25.0
RATIO RATIO

<0.25 0,0.5,1.0 150 { 21.1 | 16.5 | 450 | 37.0 | 30.0 | 23.3 | 20.5 | 18.0 | 15.0 | 10.0
0.5 0.5 300 | 222 | 16.7 | 62.0 | 43.0 | 40.0 | 250 | 25.0 | 25.0 | 20.0 | 20.0
1.0 0.5 300 | 25.0 | 200 | 70.0 | 20.0 | 0.00 | 10.0 | 10.0 | 10.0 | 10.0 | 10.0
22.0 0.5 30.0 | 20.0 | 20.0 | 40.0 | 30.0 | 30.0 | 30.0 | 24.0 | 204 | 26.0 | 26.0
0.5 0 300 { 150 | 15.0 | 25.0 | 250 | 20.0 | 20.0 | 10.0 | 27.0 [ 20.0 | 20.0
1.0 0 300 | 25.0 | 20.0 | 70.0 | 20.0 | 0.00 | 10.0 { 10.0 { 10.0 | 10.0 | 10.0
22.0 0 300 | 25.0 | 20.0 | 40.0 § 30.0 | 30.0 | 30.0 | 32.0 { 30.0 [ 20.0 | 20.0
0.5 1.0 300 | 17.0 | 155 | 485 | 43.0 { 40.0 | 25.0 | 265 | 21.6 | 20.0 | 20.0
1.0 1.0 30.0 | 25.0 | 20.0 | 70.0 | 20.0 | 0.00 | 10.0 | 10.0 | 10.0 | 10.0 | 10.0
22.0 1.0 300 | 20.0 | 40.0 | 40.0 | 48.0 | 47.0 | 32.0 | 26.0 | 20.0 | 26.0 | 26.0

TABLE 13. DATA FOR «; (deg) AT ® = 0 DEG
MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 25 3.0 3.5 45 | 25.0
RATIO RATIO

<0.25 0,05,1.0 90.0 | 75.0 | 65.0 | 634 | 60.0 | 55.0 | 52.5 | 40.0 | 475 | 45.0 | 425
0.5 0.5 90.0 | 75.0 | 65.0 | 62.0 | 43.0 | 41.0 | 425 | 25.0 | 42.0 | 40.0 | 40.0
1.0 0.5 900 | 75.0 | 75.0 | 80.0 | 40.0 | 50.0 | 40.0 | 30.0 | 30.0 | 30.0 | 30.0
22.0 0.5 90.0 | 75.0 | 75.0 | 80.0 | 90.0 | 90.0 | 42.0 | 40.0 | 40.0 | 40.0 | 40.0
0.5 0 900 | 75.0 | 75.0 | 80.0 | 49.0 | 47.8 | 42.5 | 43.0 | 26.5 | 40.0 | 40.0
1.0 0 90.0 | 75.0 | 75.0 | 80.0 | 40.0 | 50.0 | 40.0 | 40.0 | 30.0 | 30.0 | 30.0
22.0 0 90.0 | 75.0 | 75.0 | 80.0 | 90.0 | 90.0 | 41.0 | 40.0 | 40.0 | 43.0 | 43.0
0.5 1.0 90.0 | 75.0 | 53.2 | 48.7 | 43.0 | 41.0 | 42.5 | 26.5 | 435 | 40.0 | 40.0
1.0 1.0 90.0 | 75.0 | 740 | 72.0 | 40.0 | 50.0 | 40.0 | 40.0 | 30.0 | 30.0 | 30.0
2.0 1.0 90.0 { 75.0 | 75.0 | 80.0 | 90.0 | 90.0 | 45.0 | 30.0 | 40.0 | 43.0 | 43.0

39




NSWCDD/TR-01/108

TABLE 14. DATA FOR [Kgw]mmn AS A FRACTION
OF SLENDER BODY THEORY AT @ = 0 DEG

M. [Kswnlmm
0 0.5
38 0.5
49 0.25
6.0 0

TABLE 15. DATA FOR [Ky)la-0 AT ® =45 DEG

MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 25 3.0 3.5 4.5 25.0
RATIO RATIO

<0.25 0,0.5,10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0 0 0 0 0 0
0.5 0.5 0.00 { 0.00 | 0.00 | -0.13 § 0.00 0 0 0 0 0 0
1.0 0.5 0.10 { 0.00 { 0.00 | 0.00 | -0.10 0 0 0 0 0 0
>2.0 0.5 0.10 | 0.00 | 0.00 | 0.00 | 0.00 0 0 0 0 0 0
0.5 0 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0 0 0 0 0 0
22.0 0 0.00 { 0.00 { 0.00 | 0.00 | -0.18 0 0 0 0 0 0
0.5 1.0 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0 0 0 0 0 0
22.0 1.0 0.05 | 0.00 | 0.00 | 0.00 | 0.00 0 0 0 0 0 0
1.0 0 0351 0.15| 005 | 000 | -0.10 0 0 0 0 0 0
1.0 1.0 0.10 | 0.00 | 0.00 | 0.00 | -0.10 0 0 0 0 0 0
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TABLE 16. DATA FOR oc AT ® =45 DEG

MACH NUMBER

ASPECT | TAPER 0.1 | 0.6 0.8 1.2 1.5 2.0 2.5 3.0 3.5 45 | 250
RATIO RATIO

<0.25 0,05,1.0 | 0.0 | 22.0 | 22.0 0.0 0.0 0 0 0 0 0 0
0.5 0.5 150 | 11.5 | 11.0 10.0 0.0 0 0 0 0 0 0
1.0 0.5 150 | 133 | 00.| 65 0.0 0 0 0 0 0 0
22.0 0.5 100 | 10.0 | 0.0 6.5 22 0 0 0 0 0 0
0.5 0 300 | 15.0 | 115 10.0 0.0 0 0 0 0 0 0
22.0 0 100 { 10.0 | 0.0 6.5 0.0 0 0 0 0 0 0
0.5 1.0 150 | 11.0 | 11.0 10.0 0.0 0 0 0 0 0 0
2.0 1.0 10.0 { 10.0 | 0.0 6.5 1.5 0 0 0 0 0 0
1.0 0 40.0 | 133} 0.0 6.5 0.0 0 0 0 0 0 0
1.0 1.0 150 | 133 | 0.0 6.5 0.0 0 0 0 0 0 0

TABLE 17. DATA FOR [KW(B)]amD AT ®=45DEG
MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 2.5 3.0 35 4.5 | 260
RATIO RATIO

<0.25 0,05,1.0 | 1.0 1.0 1.00 1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.0
0.5 0.5 1.0 1.0 1.00 | 090 | 0.0 | 1.00 | 095 | 1.00 | 097 | 1.00 1.0
1.0 0.5 1.0 1.0 1.00 | 0.95 1.00 | 1.00 | 1.00 | 1.00 { 1.00 | 1.00 1.0
22.0 0.5 1.0 1.0 | 095 | 0.95 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.0
0.5 0 1.0 1.0 1.00 1.00 | 090 | 0.90 [ 0.90 | 0.90 | 090 | 0.90 1.0
22.0 0 1.0 1.0 | 0.95 1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.0
0.5 1.0 1.0 1.0 1.00 | 1.00 1.00 { 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.0
22.0 1.0 1.0 1.0 1.00 1.00 1.00 | 1.00 | 1.00 | 0.93 | 090 | 0.95 1.0
1.0 0 1.0 1.0 1.00 | 0.95 1.00 | 1.00 [ 1.00 { 1.00 | 1.00 | 1.00 1.0
1.0 1.0 1.0 1.0 1.00 | 0.95 095 | 095 | 1.00 | 1.00 | 1.00 | 1.00 1.0
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TABLE 18. DATA FOR ap AT @ =45 DEG

MACH NUMBER
ASPECT |TAPER | <01 | 06 | 08 | 12 | 15 | 20 | 25 | 30 | 35 | 45 | 260
RATIO | RATIO
<0.25 0,0.5,1.0 | 20.0 { 40.0 | 38.0 | 350 | 300 | 250 | 163 | 151 | 139 | 13.1 | 100
0.5 0.5 59.0 | 33.0 | 30.0 | 256 | 250 | 150 | 150 | 100 | 150 | 150 | 100
1.0 0.5 49.0 | 380 | 320 | 260 | 240 | 17.0 | 150 | 144 | 10.0 | 10.0 | 100
22.0 0.5 39.0 | 31.5 | 30.0 | 28.0 | 250 | 165 | 150 | 144 | 100 | 13.0 | 100
0.5 0 59.0 | 355 | 33.0 | 39.5 | 295 | 15.0 | 25.0 | 150 | 15.0 | 100 | 10.0
22.0 0 39.0 [ 315 | 300 | 280 | 247 | 170 | 135 | 114 | 100 | 100 | 100
0.5 1.0 59.0 | 355 | 33.0 | 25.6 | 295 | 150 | 150 | 150 | 12.0 | 13.0 | 10.0
22.0 1.0 39.0 | 315 | 300 | 28.0 | 233 | 140 | 160 | 150 | 11.8 | 12.0 | 100
1.0 0 59.0 | 385 | 325 | 360 | 27.1 | 172 | 210 | 114 | 100 | 100 | 100
1.0 1.0 49.0 | 385 | 325 | 260 | 264 | 160 | 153 | 150 | 11.8 | 10.0 | 100

TABLE 19. DATA FOR oy AT ® = 45 DEG

MACH NUMBER
ASPECT |TAPER <01 | 06 | 08 | 12 | 15 | 20 | 25 | 30 | 35 [ 45 [ 260
RATIO | RATIO
<0.25 0,0.5,1.0 | 35.0 | 450 | 450 | 40.0 | 44.0 | 43.0 | 38.0 | 28.0 | 25.0 | 29.0 | 20.0
0.5 0.5 65.0 | 33.0 | 30.0 | 49.0 | 520 | 40.0 | 40.0 | 30.0 | 250 | 250 | 200
1.0 0.5 550 | 38.0 | 47.0 | 49.5 | 66.0 | 485 | 450 | 41.0 | 400 | 100 | 200
22.0 0.5 45.0 | 31.5 | 40.0 | 56.0 | 57.0 | 450 | 450 | 41.0 | 40.0 | 28.0 | 200
0.5 0 65.0 | 355 | 33.0 | 650 | 48.0 | 50.0 | 46.0 | 30.0 | 30.0 | 50.0 | 20.0
22.0 0 45.0 | 31.5 | 400 | 56.0 | 550 | 585 | 49.8 | 442 | 41.5 | 285 | 20.0
0.5 1.0 65.0 | 355 | 33.0 | 49.0 | 520 | 400 | 28.0 | 24.0 | 21.0 | 13.0 | 200
22.0 1.0 45.0 | 31.5 | 400 | 56.0 | 49.5 | 44.0 | 40.0 | 33.0 | 32.0 | 28.0 | 20.0
1.0 0 70.0 | 385 | 49.0 | 63.0 | 60.0 | 60.5 | 498 | 442 | 41.5 | 400 | 200
1.0 1.0 55.0 | 385 | 49.0 | 495 | 60.0 | 475 | 40.0 | 33.0 | 32.0 | 200 | 200
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TABLE 20. DATA FOR [KW(B) ]a—a AT ® =45 DEG
—UM

MACH NUMBER
ASPECT | TAPER | <0.1 | 06 | 08 | 12 15 | 20 | 25 | 30 | 35 | 45 | 260
RATIO | RATIO
<0.25 0,0.5,1.0 [ 080 [ 095 | 1.0 | 1.0 1.0 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0
0.5 0.5 085 095| 1.0 | 1.0 10 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 10
1.0 0.5 085|090 | 1.0 | 1.0 10 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 10
22.0 0.5 085|090 | 1.0 | 1.0 1.0 [ 10 | 1.0 | 1.0 | 1.0 | 1.0 | 10
0.5 0 085095 | 1.0 | 10 10 { 1.0 | 10 | 1.0 | 1.0 | 10 | 10
22.0 0 085|095 1.0 | 10 1.0 { 10 | 1.0 | 10 | 10 | 1.0 | 10
0.5 1.0 085 095| 1.0 | 1.0 1.0 | 10 | 10 | 10 | 1.0 | 1.0 | 10
22.0 1.0 08509 | 1.0 | LO 10 | 10 | 10 | 1.0 | 1.0 | 1.0 | 10
1.0 0 090 [ 095 | 1.0 | 1.0 1.0 | 10 | 1.0 | 10 | 10 | 1.0 | 10
1.0 1.0 085|090 [ 1.0 | 1.0 1.0 | 10 | 1.0 | 10 | 10 | 1.0 | 10
TABLE 21. DATA FOR [AKgw)le-o AT ® = 45 DEG
MACH NUMBER
ASPECT | TAPER |[<01 |06 |08 |12 |15 |20 |25 |30 [35 |45 |260
RATIO | RATIO
£0.25 0,05,1.0 | 00 | 00 | 000 | 000 | 00 | © 0 0 0 0 0
0.5 0.5 00 {-0.12|-010| 000 [ 00 | © 0 0 0 0 0
1.0 0.5 00 | -007|-025| 000 | 00 | © 0 0 0 0 0
22.0 0.5 00 | -023|-018] 000 | 00 | O 0 0 0 0 0
0.5 0 00 | -012| 000 | 000 | 00 | © 0 0 0 0 0
2.0 0 00 | -023|-018{ 000 [ 00 | © 0 0 0 0 0
0.5 1.0 00 | -0.12| 000 | 000 | 00 [ © 0 0 0 0 0
22.0 1.0 00 | -023|-018] 000 | 00 | © 0 0 0 0 0
1.0 0 00 | -005|-025{ 000 | 00 | © 0 0 0 0 0
1.0 1.0 00 | -007|-025} 000 | 00 | © 0 0 0 0 0
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TABLE 23. DATA FOR «, (DEG) AT ® =45 DEG
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MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 2.5 3.0 35 45 | 260
RATIO RATIO

<0.25 0,05,10 | 10.0 | 150 | 150 15.0 10.0 | 10.0 | 100 | 10.0 | 10.0 | 10.0 | 10.0
0.5 0.5 10.0 | 57.0,| 20.0 | 23.0 | 23.0 | 15.0 | 20.0 | 15.0 | 100 | 10.0 | 10.0
1.0 0.5 10.0 | 10.0 200 | 250 | 300 | 300 | 150 | 175 | 15.0 | 15.0 | 15.0
22.0 0.5 100 | 150 ; 150 15.0 10.0 | 100 | 10.0 | 12.0 | 10.0 | 10.0 | 10.0
0.5 0 10.0 | 240 | 33.0 | 23.0 19.0 | 200 { 225 [ 150 | 10.0 | 10.0 | 10.0
22.0 0 10.0 | 15.0 | 15.0 15.0 100 | 100 | 10.0 | 12.0 | 10.0 | 10.0 | 10.0
0.5 1.0 10.0 | 62.0 | 240 | 250 | 250 | 160 | 200 | 150 | 10.0 | 10.0 [ 10.0
22.0 1.0 10.0 | 15.0 | 15.0 15.0 10.0 | 100 | 10.0 | 12.0 | 10.0 | 10.0 | 10.0
1.0 0 10.0 | 10.0 | 20.0 | 25.0 | 300 | 30.0 | 150 | 175 | 150 | 15.0 | 15.0
1.0 1.0 100 { 100 | 200 | 250 | 30.0 | 300 ; 150 | 175 | 15.0 | 150 | 150

TABLE 24. DATA FOR «, (DEG) AT @ = 45 DEG
MACH NUMBER

ASPECT | TAPER 0.1 | 0.6 0.8 1.2 L5 2.0 2.5 3.0 3.5 45 | 260
RATIO RATIO

<0.25 0,05,1.0 | 350 | 550 | 50.0 | 50.0 | 450 | 40.0 | 350 | 325 | 300 | 27.5 | 25.0
0.5 0.5 75.0 { 65.0 | 55.0 | 43.0 | 400 | 38.0 | 440 | 44.0 | 360 | 30.0 | 200
1.0 0.5 75.0 | 350 | 300 | 300 | 60.0 | 60.0 | 62.0 | 80.0 | 80.0 | 80.0 | 80.0
22.0 0.5 75.0 | 65.0 | 30.0 | 30.0 | 300 | 60.0 | 62.0 | 80.0 | 42.0 | 45.0 | 45.0
0.5 0 75.0 | 60.0 | 50.0 | 52.0 | 40.0 | 350 | 440 | 50.0 | 36.0 | 30.0 | 20.0
22.0 0 75.0 | 65.0 | 30.0 | 30.0 | 300 | 60.0 | 62.0 | 80.0 | 42.0 [ 45.0 | 45.0
0.5 1.0 75.0 | 65.0 | 550 | 42.0 | 400 | 38.0 | 440 | 40.0 | 36.0 | 30.0 | 20.0
22.0 1.0 75.0 | 65.0 | 30.0 | 30.0 | 300 | 60.0 | 62.0 | 80.0 | 42.0 | 45.0 | 45.0
1.0 0 75.0 | 50.0 | 30.0 | 30.0 60.0 | 60.0 | 62.0 | 80.0 | 80.0 | 80.0 | 80.0
1.0 1.0 75.0 | 350 | 300 | 30.0 | 60.0 | 60.0 | 62.0 | 80.0 | 80.0 { 80.0 | 80.0
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TABLE 25. DATA FOR [Kgw)lun (FRACTION OF SBT/LT) AT @ = 45 DEG

MACH NUMBER

ASPECT | TAPER <0.1 | 0.6 0.8 1.2 1.5 2.0 25 3.0 3.5 4.5 26.0
RATIO | RATIO

<0.25 0,05,10 | 025 [ 025 | 0.25 | 0.12 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12 0
0.5 0.5 025025 | 025 | 0.12 0.12 | 012 | 0.12 | 0.12 | 0.12 | 0.12 0
1.0 0.5 025 {025 | 025 | 0.12 0.12 { 012 | 0.12 | 0.12 | 0.12 | 0.12 0
22.0 0.5 0.25 ] 025 | 025 | 0.12 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12 0
0.5 0 025 | 025 | 025 | 0.12 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12 0
22.0 0 025 (025 | 025 | 0.12 0.12 | 0.12 } 0.12 | 0.12 | 0.12 | 0.12 0
0.5 1.0 0251025 025 | 012 012 } 012 | 0.12 | 012 | 0.12 | 0.12 0
22.0 1.0 025 | 025 | 025 | 0.12 0.12 | 012 | 0.12 | 0.12 | 0.12 | 0.12 0

2.3.4 Wing-Body and Body-Wing Interference Due to Control Deflection

Reference 71 used a more recent wind tunnel data base informally provided by Jerry
Allen of NASA/LARC to improve upon the nonlinear constants used for the wing-alone, body-
alone and wing-body interference factors due to AOA. Neither interference factors due to
control deflection, nor the wing-tail interference model, were considered in Reference 71
refinements. Those factors are not considered because the informal data from NASA/LARC was
for an undeflected wing-body configuration with no tail present.

More recently, some other unpublished wind tunnel data has been provided to the author
from Steve Malyevac of the Naval Surface Warfare Center at Dahlgren, Virginia. The new data
provided by Mr. Malyevac contained control deflection data and more importantly, the
configuration had canards and tails. Also, data was available in the Mach range 0.5 to 1.2, in
addition to the supersonic region up to Mach 3.0.

The subsonic and transonic data was particularly useful since when the author originally
defined the wing-tail interference model,* data was available primarily at M.. = 2, 3, and 4,%
with only one data point at M = 1.1.% As a result of this scarcity of subsonic and transonic
wing-tail interference data, many engineering guesses and extrapolations were made® in the
development of the nonlinear wing-tail interference model. Also, since the wing-body
interference model due to control deflection was developed,”*® additional wind tunnel data
reports have become available.

The purpose of this section and the next section of the report is to refine upon the wing-
body interference factors for control deflection and the wing-tail interference methodology.
These refinements will be based on the informal wind tunnel data base provided by Mr.
Malyevac and additional validations completed based on other wind tunnel data reports.
Therefore, these next two sections will serve as formal documentation for changes made to the
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wing-body interference methodology due to control deflection and the wing-tail interference
methodology.

The nonlinear form of the wing-body and body-wing interference due to control
deflection was defined in References 39 and 46 by

kw.(B) = Cl(M)[kW(B)]SBT + CZ( |aWI’ M) (18)

kB(W) =Cy (M,|OLW |)[kB(w)]SBT (19)

The parameters C;, C,, and C; of E%uations (18) and (19) were derived based on numerical
experiments of the AP95>° and AP98* compared to data. References 39 and 46 used the above
approach of numerical experiments because many of the fins in the data base upon which the
nonlinear coefficients for wing-body interference due to AOA were derived were small. The
small fin size made it difficult to get accurate measurements of the nonlinear interference terms
represented by Equations (18) and (19). By using total force and moment data from data bases to
estimate the nonlinear variation of kwg) and kgw, with Mach number and total AOA, one can
estimate the combined effect of Equations (18) and (19) reasonably well. However, one cannot
break down the physical effects easily between Equations (18) and (19).

Refinements to the constants C;, C,, and C; of Equations (18) and (19) were made more
recently based on additional numerical experiments with existing data bases as well as numerical
experiments with new data bases. Tables 26 and 27 give the revised semiempirical nonlinear
control deflection models for the roll positions of ® = 0 and 45 deg, respectively.

In examining the constants and model of Table 26, several physical phenomena occur
that are modeled in a semiempirical sense by Equations (18) and (19). These phenomena are
qualitatively shown in Figure 18A. At low Mach number, Figure 18A indicates the SBT gives a
low value of kwg, for small values of aw. At a value of aw of about 40 deg, the controls lose
effectiveness as a result of a combination of stall and blow-by effects due to the separation
between the wing and body. At an aw of about 70 deg, the controls have lost most effectiveness.
At Mach numbers greater than about 4, the controls initially generate less effectiveness than is
generated by SBT for values of ow up to about 10 to 40 deg. The controls then become more
effective because of nonlinear compressibility effects. On the other hand, at an ay of around 45
to 50 deg, the controls once again begin to lose effectiveness, presumably because of shock
interactions and blow-by effects. For Mach numbers in between subsonic and high supersonic,
kw(s) has behavior in between the two extremes illustrated in Table 26.

A lot of similarity is seen when comparing the nonlinear control deflection models for
® = 0 and 45 deg roll in Tables 26 and 27. The constants for the ® = 45 deg are slightly
different than those for ® = 0 deg and the values of aw where the nonlinearities begin are
somewhat different. However, by and large, Equation (18) holds for both the ® = 0 and 45 deg
roll cases. It should be pointed out that in Reference 30, mostly linear variations of kwm) with
aw were used. However, these were improved upon for the @ = 45 deg case with cubic fits of
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Controls Become More gf?gnt:i?\:Zrl;gs,sseDue
B Effective Due to Compressibility to Shock Interactions,
Ma < 1 \ Blow By Effects, etc.
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Mo >> 1
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Due to Stall, Blow By Effects
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FIGURE 18A. QUALITATIVE TREND OF WING-BODY INTERFERENCE DUE
TO CONTROL DEFLECTION AS FUNCTION OF M., atw
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— Ksw) Assumed to Go to Zero Linearly
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FIGURE 18B. QUALITATIVE TREND OF BODY-WING INTERFERENCE DUE
TO CONTROL DEFLECTION AS FUNCTION OF aw
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SEMIEMPIRICAL NONLINEAR CONTROL DEFLECTION MODEL (& = 0 DEG)

MACH NUMBER

NONLINEAR MODEL

M. <038

If l(xwl £40.0 - kW(B) =1.1 [kW(B)]SBT
If Iaw! >40.0 - kW(B) =2.04 - Iawi/40
If |awl > 800~ kW(B) =0.04

M. =11 If |aw| < 15.0 - Kwegy = [kwiglser
If |aw| > 15.0 - kwegy = 1.15 - 0.9 |atw]/65
If |oow| 2 80.0 = kyy = 0.04
M.=15 If |oow| < 10.0 ~ kweey = [kweeylser
If |oow| > 10.0 ~ kg, = [kweeyJser - 0.005 (Jew| - 10.0)
If |oow| > 70.0 ~ kwezy = 0.64 - 0.6 (|atw]| - 70.0)/35;  [kyylmia = 0.04
M.=20 If |aw| < 10.0 = kwg) = 0.9 [kwm)lser
If |oaw| > 10.0 = kwzy = 0.9 [kwaaylser - 0.003 (|aw| - 10.0)
If |aow| 2 70.0 ~ ke = 0.67 - 0.63 (Joow| - 70.0/35;  [kyvcayJumin = 0.04
M.=235,287 | If |aw| < 40.0 - ke, = 0.9 [kwelssr
If |atw]| > 40.0 ~ kwegy = 0.9 [kwalser + 0.005 (|aw| - 40.0)
If |aow| > 70.0 = kyegy = 1 - 0.96 (|atw| - 70.0)/35
M. = 3.95 If |oow| < 20.0 - kyeay = 0.8 [kwgylser
If |etw| > 20.0 ~ kweey = 0.8 [kweylser + 0.007 (|aow]| - 20.0)
If |oiw| > 70.0 - kwzy = 1.1 = 1.06 (|erw] - 70.0)/35
M. =4.6 If |ow] < 20.0 = kwgy = 0.75 [kweylsar
If |otw| > 20.0 ~ kweg) = 0.75 [kwaylser + 0.013 (| arw| - 20.0)
If |aw| > 70.0 ~ kweey = 1.36 - 1.32 (|aw| - 70.0)/35
0<M.cs ksow) = [ksewylser for |aw]| < 70 deg

kw) = [keewlssr + [1 - (Jaw| - 70)/20); 70 < |ow| <90
kW(B) =0 for Iawl >90 deg
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TABLE 27. SEMIEMPIRICAL NONLINEAR CONTROL DEFLECTION MODEL (® = 45 DEG)
MACH NUMBER NONLINEAR MODEL
M. < 0.8 If |ow| < 40.0 ~ kwey = 1.1 [kwe)lset
If |aw| > 40.0 - kwee) = 2.04 - |aw|/40
If [aw| > 80.0 - kwe) = 0.04
M.=1.1 If |(Zw| < 15.0- kW(B) = [kW(B)]SBT
If |aw]| > 15.0 ~ kwg) = 1.15 - 0.9 |aw|/65
[kw)lmin = 0.04
M,., =15 If |awl <350~ kW(B) = 095 [kw(g)lsg'r
If |otw| > 35.0 = kwey = [~ (8.06 x 107) (Jow| - 35.0)° + 0.002 (jorwy| - 35.0)°
- 0.0295 (|aw| - 35.0) + 0.94] [kwm)lssr
If [aw| > 55.0 ~ kw) = 0.48 - 0.44 (Jaw| - 55.0)/35.0
If [aw| > 90.0 ~ k) = 0.04
M.=2.0 If I(le <325~ kW(B) =0.95 [kW(B)]SBT
If |oiw| > 32.5 = k) = [(-0.000008 (|etw| - 32.5)° - 0.00091 (|aw| - 32.5)*
+0.01 (Jaw| - 32.5) + 0.95] [kwe)lser
If |otw| > 55.0 = kwegy = 0.59 - 0.55 (jaw| ~ 55.0)/35.0
If |aw| > 90.0 = k) = 0.04
M,, =235 If l(xw' s 300~ kW(B) =0.95 [kw(};)]sg'r
If jaw] > 30.0 = k) = [0.000043 (|aw| - 30.0)* - 0.0029 (jow| - 30.0)*
+0.039 (|aw]| - 30.0) + 0.9] [kw)lser
If |aw| > 40.0 = kw) = 0.90 - 0.86 (|aw| - 78.0)/38.0
If |aw] > 78.0 - k) = 0.04
M.=2.87 If |aw! < 30.0 - kwe) = 0.9 [kwm)lssr
If 30 < |aw] < 50.0 ~ kwe) = [0.000065 (|aw| - 30.0)° - 0.004 (Jaw]| - 30.0)
+0.057 (‘awl - 300) + 09] [kW(B)]SBT
If {ow| > 50.0 = kwesy =0.91 - 0.87 (Jaw| - 50.0)/28.0
If jow| > 78.0 = kyeg) = 0.04
M,. = 395 If |aw| <350~ kW(B) =0.88 [kW(B)]SBT
If 35 < |ow| < 48.0 = kymy = [~ 0.000088 (|atw] - 35.0)° + 0.00017 (Jaw] - 35.0)
+0.016 (Iawl - 350) + 088] [kW(B)]SBT
If 48 < |aw| < 80.0 = kye)=0.82 - 0.78 (|aw| - 48.0)/32.0
If |(Xw| > 80.0 - kW(B) =0.04
M.=4.6 If |(Zw] <350~ kW(B) =0.83 [kW(B)]SBT
If 35 < |ow| < 50.0 = kwy = [0.000047 (|ow! - 35.0)° - 0.0046 (|ow]| - 35.0)
+0.074 (Jaw| - 35.0) + 0.83] [kwm)lssT
If 50 < |aw| < 77.0 = kwey = 1.06 - 1.02 (Jaw]| - 50.0)/27.0
If |ow| > 77.0 = kyg) = 0.04
O<M.<e

5
| “;' 0.75 Tkaawsr for |dw] < 30

kpw) = [ksew)lsBT -

kW(B) =0.25 [kB(W)]SBT for lawl > 30
kB(W)= 0.25 [kB(W)]SBT [l - (1aw| - 50)/5] for |aw1 >50
kW(B) =0 for |awl > 55 deg
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control deflection data as seen in Table 27. As such, all nonlinear effects are included in the
variations of kw, as a function of Mach number and |o + 8|.

Figure 18B assumes that kgw) can be represented by SBT up to some value of |aw], at
which point it decays to zero. For ® = 0 deg, the value for |aw| is 70 deg. For ® =45 deg roll,
the model for kp(w) is based on |8| only and begins decaying at || = 0. It reaches a minimum
kaew) of 25 percent of SBT at |{8| = 30. For 30 < |8| < 50, the value of kpw, remains constant.
It then decays to zero at |Ow| = 55 deg.

It should also be noted that kwg) and kg(w) of Table 27 are multiplied by 1.414 to indicate

that all four fins are assumed to be deflected by an equal amount in the ® = 45 deg roll position.
Finally, for Mach numbers in between the values on Table 26 and 27, linear interpolation is used.

2.3.5 Nonlinear Wing-Tail Interference Model

The nonlinear wing-tail interference normal-force component is defined by

Ay (C Ng )w (CN(, )'r [KW(B)a +Fk w(p)dw ]
21 (AR)’I‘ (fw —Ty )AREF

Cnpwy = (57 —-rp)li; cos®+i, sin®] (20)

Each of the normal-force and interference terms in Equation (20) utilizes the complete nonlinear

form, %> ag opposed to its linear theory or slender body representation. Equation (20) can also
be written as

Crizgy) = [CNT(v) ]a * [CNr(v) ]a @0
Reference 39 defined the first term of Equation (21) for ® =0 as
[Crr) |, =A+Bo+Co? + Do 22)

where the constants A, B, C, and D are functions of SBT and experimental data and are defined
by

A=0

B Ii {dC(];T(V) ) } E]
¢ =0 _|sBT

C=—B—Da§

ON

_ E2 OLN "'B(X.N(XF +B0L12:

D
o0 — 020
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The parameters in the constants B, C, and D are defined as follows:
oy, = Value from Figure 19A
oy = (Value from Figurel9B) x In
100
E| = Value from Figure 19C

E, = (Value from Figure 19D) x ([C NT(V)]SBT)
a=af

For @ = 45 deg, Reference 45 defined the [CNT(V)] term as
o4

[CNT(v)]cl =G, [CNT(V)]SBT (23)

where G, is given in Figure 20. The modifications to the parameters a, E;, E, and G at ® =0
and ® = 45 deg in Figures 19 and 20, as a result of the recent improvements, are indicated as
AP02. The AP98% indicates the values of these parameters prior to the recent refinements in the
wing-tail interference model.

A
60 P
. 40 - _
(@) ~
m ~
E 7\
o o
3 o
2() - //j/;;r"'~._.
o = 1.5 8in" ()
0 | l l ] Ly
0 1 2 3 4 5

M
FIGURE 19A. AOA WHERE WING-TAIL INTERFERENCE IS NEGLIGIBLE
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FIGURE 19C. INITIAL SLOPE AT « = 0 OF WING-TAIL
INTERFERENCE AS A FUNCITON OF M.
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FIGURE 19D. SLENDER BODY THEORY PREDICTION OF WING-TAIL INTERFERENCE AT AOA
WHERE [CNT(V)]EXP REACHES A MAXIMUM AS A FRACTION OF EXPERIMENTAL DATA
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FIGURE 20. WING-TAIL INTERFERENCE MODEL FOR NO CONTROL DEFLECTION AT & = 45 DEG
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Equations (22) and (23) define the first term of Equation (21). In addition to
Equations (23) and (24), an upper limit on the amount of lift loss on the tail will remain in effect
for large wing areas (i.e. Aw/Ares > 5.5).

The value of Aw/Ars of 5.5 corresponds to the wing area ratio in Reference 2. This upper
limit is defined by the following methodology:

ForM < 1.5
e M
Cx
CN
Llﬂ:m—o.mus (@=5);0>5 (24A)
Crr

For1.5<M <25

Cx
L& =0.9-0.0250,; 0. < 10
Cx,
Cx
l--l(il‘-*- =0.65-0.0235 (¢~ 10); a0 > 10 (24B)
Nt
ForM > 2.5
Cn
l———’"ﬂ‘-’- =0.8-0.0250. (24C)
Cn

T

where o is AOA in degrees. Equation (24A) says that at a = 0 deg, the maximum lift loss on the
tail due to AOA is limited to 100 percent of the tail lift, regardless of the size of the wings. The
percent lift loss then decreases linearly with AOA as defined by Equations (24A) — (24C).

Admittedly, this is conservative (overpredicts CNT (v)) for values of Aw/Arer < 5.5 and is

simply a judgement based on numerical experiments for values of Aw/Agrgr > 5.5. It does
accomplish the objective of making the wing-tail interference with no control deflection more
closely approximate data than available approaches.45

Before moving to the wing-tail interference methodology for the second term of
Equation (21), a comment would be valuable on the Figure 19 results, which basically compare
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SBT to data. First of all, it is clear that at low AOA, SBT underpredicts CNT W) for low Mach

number and overpredicts it at high Mach number, for the Reference 88 configuration. The point
of optimum prediction appears to be around Mach 2 (see Figure 19C). Second, the Cy V) term

decays much faster at high AOA than does SBT. This is increasingly true as Mach number
increases. This again highlights the Newtonian Impact assumptions at high Mach number where
any vortices in the leeward plane are completely dominated by the dynamic pressure in the
windward plane. Figures 19A and 19B illustrate this fact, showing that AOA where CNT(V) is

negligible gets smaller as M.. increases; also, the maximum magnitude as a percent of SBT gets
smaller with increasing M...

To define the second term of Equation (21), the wing-tail interference component due to
a wing control deflection, a parameter “F’ has been defined. This parameter “F” is used to
control the value of the wing-tail interference resulting from a control deflection of the forward
lifting surface. “F” was determined by numerical experiments comparing theory to data for
various weapon configurations under various freestream conditions. Values of the parameter “F’
are given in Tables 28 and 29 for the roll positions of @ = 0 and 45 deg, respectively. Many of
the values for “F” in Tables 28 and 29 are substantially different than those used in the AP98
defined in References 46 and 59.

TABLE 28. EMPIRICAL PARAMETER “F” USED IN WING-TAIL INTERFERENCE MODEL (® = 0 DEG)

MACH NUMBER PARAMETER “F’

M.<12 F=028

M.=15 If aw| < 20.0 - F=038
If |w| >20.0 - F=0.8 +0.1 (Jaw]| - 20.0)
Faux= 1.0

&
]

2.0 If |aw| < 40.0 - F=0.8
If |otw| > 40.0 -~ F= 0.8 +0.01 (|aw]| - 40.0)
Frax = 1.0

M.=23 If |otw| < 40.0 - F=0.8
If |otw] > 40.0 = F=0.8 +0.10 (Jaw] - 40.0)
Foaax=2.0

M. =2.87 If |ow| < 40.0 ~ F=09
If |oow] > 40.0 = F=0.9 +0.12 (Jorw| - 40.0)
Fonax = 3.0

M. =395 If |otw| < 40.0 - F=09
If |otw] >40.0 - F =09 +0.15 (]| - 40.0)
Fonax = 4.0

M. 2 4.60 If || < 350 - F=09
If aw| >35.0 - F=0.9 +0.20 (|ew| - 35.0)
' Fx=6.0
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TABLE 29. EMPIRICAL PARAMETER “F” USED IN WING-TAIL INTERFERENCE MODEL (® = 45 DEG)

MACH NUMBER PARAMETER “F”

M.<12 F=07

M.=15 If |ow| < 20.0 -~ F=0.7
If |aw| >20.0 - F=0.7 - 0.02 (Jaw| - 20.0)
Fl-nin=0-2

M. =2.0 If |aw| < 20.0 ~ F=0.75
If |aw| >20.0 ~ F=0.75 - 0.015 (Jow| - 20.0)
Foin = 0.4

M.=23 If |oiw| < 30.0 ~ F=0.85
If |oiw | >30.0 - F=0.85 + 0.01 (|arw| - 30.0)
Fpax = 1.0

M.=2.87 If jaw| £ 40.0-F=0.7
If jaw| > 40.0 - F= 0.7 + 0.02 (|aw]| - 40.0)
Frnax = 1.0

M..=3.95 If |aw| < 25.0-F=0.7
If |aw| >25.0 - F=0.7 + 0.02 (|ow]| - 25.0)
Frnax=2.0

M.:>40 If |aw] <30.0-F=0.6
If faw] >30.0 - F= 0.6 + 0.02 (Jaw| - 30.0)
Fox=1.8

In examining Tables 28 and 29, it is seen that the value of “F” is generally less than one
for smaller values of |ow|. This implies the wing-tail interference prediction from linear theory
and SBT are too high. However, as Mach number and |aw| increase, the value of “F” increases
for both the @ = 0 and 45 deg roll positions. It is postulated that this increase in “F” is due to a
combination of internal shock interactions having a larger impact on the second term of
Equation (21) than linear theory predicts.

2.3.6 Axial Force Coefficient Due to Control Deflection

The axial force coefficient due to deflection for the AP98* is estimated by
(Ca )aw = (CNW(B) sindy )f(M, dw) (25)

(Cads; = Crrgg) + Couryy Jin 85 £(M, 01y (26)
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where f(M, aw) and f(M, at) are 1.0 when « and & are of the same sign but are defined
empirically as having a value between 0 and 1.0 when « and & are of opposite signs. Reference
56 gives the details of the values of f(M, aw) or f(M, at) for both ® = 0 and 45 deg roll positions
when o and 0 are of opposite signs. The slightly lower revised values of Cy,, discussed in

Section 2.3.2 and given in Reference 71, had an adverse impact of prediction of axial force
coefficient at higher Mach number when o and 6 were of the same sign. It is speculated that the
AP98 had compensating errors that offset one another. That is, increased normal force when o
and 0 were of the same sign was compensated for by an f(M, aw) of one, when actually this
value of f(M, aw) should be slightly greater than one. This higher value of f(M, aw) is required
due to the internal shock interactions that become stronger as Mach number and AOA increases.

As a result of the decrease in accuracy of axial force when o and 6 are the same sign, a
new table of f(M, aw) was generated to partially account for the internal shock interaction
physical phenomena. This table of data for f(M, aw) when & and & are of the same sign is given

in Table 30. For values of Mach number or aw in between values shown in Table 30, linear
interpolation is used.

24 IMPROVED PITCH DAMPING WITH EMPHASIS ON CONFIGURATIONS WITH FLARES

The next area that new technology has been added to the AP98, which will be a part of
the APO2, is improvement in aerodynamics of flared configurations, particularly the pitch
damping derivative. Figure 21 illustrates the typical geometrical parameters associated with a
flare. The two most important parameters are the flare length and angle (the flare angle can also
be expressed in terms of the flare base to forward or reference diameter).

The problem of inaccurate aerodynamic predictions for flared configurations from the
APC first came to the author’s attention a couple of years ago in the form of pitch damping
moment coefficient predictions for a flared projectile concept at a AIAA meeting. The increased
interest in the use of flares for stability in recent years, particularly for higher Mach numbers (see
References 90-92 for example), has also led the author to feel that improvements in the
aerodynamic predictions of flared projectiles were needed.

As a result of the increased interest in flared projectiles for higher Mach number
applications, the authors decided to take another look at the APC to determine its weak areas
with respect to flared shaped projectiles. Several problem areas were identified. First of all, for
the static aerodynamics, no particular attention was given for flared projectiles for M.. < 1.2. For
M.. > 1.2, low AOA aerodynamics are computed by theoretical methods such as Second-Order-
VanDyke (SOVD) or Second-Order-Shock-Expansion-Theory (SOSET) and reasonable
estimates of static aerodynamics (C,, Cn, Xcp) can be obtained from the APC. For M. < 1.2, the
capability to compute static aerodynamics needs to be incorporated into the code.
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TABLE 30. VALUES OF EMPIRICAL PARAMETER f(M, aw) WHEN «, 6 ARE OF SAME SIGN

® =0DEG ® =45 DEG
M. O fM, aw) fM, ow)
<15 0-90 DEG 1.0 1.0
2.87 0-40 DEG 1.0 1.0
2.87 45 1.03 1.0
2.87 50 1.11 1.05
2.87 55 1.15 1.08
2.87 260 1.13 1.08
24.6 0-30 DEG 1.0 1.0
24.6 35 1.09 1.0
24.6 40 1.11 1.04
24.6 45 1.16 1.06
>4.6 50 1.15 1.10
>4.6 55 1.14 1.12
>4.6 >60 DEG 1.13 1.08

The second problem uncovered in the APC was for the dynamic derivative, CMq +Cy, » or pitch

damping moment coefficient. No capability exists at any Mach number in the APC for pitch
grojectile shapes. In fact, based on recent CFD calculations of
projectiles without a flare,””* it was found that the pitch damping moment of configurations
without flares needed improvement as well. Table 31 summarizes the problems in predicting

damping moment of flared

aerodynamics of flared projectile shapes using the AP98.

TABLE 31. AP98 WEAK AREAS IN PREDICTING AERODYNAMICS

OF FLARED CONFIGURATIONS

a) C,, Cn, Xcp not available for M., < 1.2 for flare

b) Body alone CMq + CMa needs improvement for M.. > 1.2 (no flare)

¢) No pitch damping contribution for flare in AP98 at any M.,

Each of the three weak areas listed in Table 31 will be individually discussed in this
section of the report. The discussion will be in terms of modifications that will be made to the
AP98 to allow more accurate computations of aerodynamics of flared projectiles.
modifications will then be part of the next release of the APC which will be the AP02 in 2002.

More details of the work described in this section can be found in Reference 75.
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2.4.1 Static Aerodynamics of Flared Projectiles

The wave component of axial force for configurations with small flare angles
(65 < 15 deg) can be calculated approximately with the perturbation theory of Wu and Aoyoma®’
that was designed for boattails, except the angle is reversed in sign. There was a sign error in the
AP98, but when this error was corrected, approximate estimates of wave drag for M. < 1.2 could
be computed from the Reference 95 method. For M. < 0.9, the wave drag component is
assumed to be zero. Base drag and skin-friction drag were already being computed within the
accuracy desired using the AP98 so no changes in the methodology for these aerodynamic terms
were made.

The normal force and pitching moment coefficients and center of pressure for the flares
are not predicted at all for M, < 1.2. Furthermore, numerical methods do not exist in the AP98
to allow calculations of Cy, Cy and xcp for M. < 1.2. Also, as will be discussed later in the pitch
damping computations for flares, Cn, Cy and xcp for a flare will be needed at all Mach numbers.

To compute (CNQ )f and (xcp)s, one of several options are available. The first is to utilize

the available values in the APC. Unfortunately, these values are only available for M., > 1.2
where pressures are computed and integrated over the body surface. Also, the logic of the APC
is such that this would require considerable changes to allow these calculations to be performed
and brought forward into another subroutine. The second option would be to exercise the APC

twice, once with a flare and once without and subtract the Cy_’s and Cy,_’s to obtain the flare

normal force coefficient derivative and its center of pressure. Again, this is not a very desirable
alternative since the APC must be exercised twice to get a single number. A third option, which

appears more attractive, is to exercise the APC code offline, compute values of (CNQ )f and

(Xcp)s for M. > 1.2 and store these in a table lookup as a function of geometric and freestream

parameters. For M. < 1.2, SBT can be used to approximate values of (CNa ) . and (xcp)r. The

96

fourth and most attractive option is to use available cone tables™ or approximate conical

formulas to compute (CNch )f , use SBT to approximate the center of pressure of the flare and

(C Ng ) e for M.. < 1.2, and to include these parameters in a table lookup as a function of geometry

and Mach number. This last option can be used since we are assuming the flare is a conical
frustrum or can be approximated by a conical frustrum. The last option is the one that will be
used in the AP98 upgrade as it has the advantage of being at least as accurate as current
computations in the APC due to use of an exact cone solution from Reference 96. Also, this
approach offers the opportunity to obtain results in a straightforward and direct way from the
APC as opposed to more costly approaches of logic change in the APC or cycling through the
APC twice to obtain results for the flare alone.

The Cy results for the total cone of Reference 96 must be corrected to include only the

frustrum portion of the cone and also put in the appropriate reference area format. Referring to
Figure 21, the percent of conical shape that is a flare is:
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B. Expanded View of Flare

FIGURE 21. TYPICAL FLARE CONFIGURATION WITH THE SIGNIFICANT
GEOMETRICAL PARAMETERS
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A =TCI'§ —r"z]=l—(—l}—J2
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Ac I Iy

Now the value of Cy_ obtained from Reference 96 is based on the cone base area. Hence,
Equation (27) must be multiplied by Ag/A; to place it in the same reference area as other Cx,

components for the total configuration of Figure 21. Thus, to relate the value of the Cy, from
Reference 96 for a cone of given angle at a given Mach number to that of a flare we have
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€y, ) =, ), {1‘[:_;]2} [rrl]z

ex ) =len, ), [[%T - IJ (28)

r

or

Equation (28) is valid at all Mach numbers and for all geometries. However, (C Ng )c is

available from Reference 96 for conditions where the flow is supersonic and the shock wave is
attached to the conical tip. For conditions where these two assumptions are not met, SBT will be
assumed in conjunction with interpolation. SBT gives

(Cx, ). =20 (29)

The SBT value of (CNG )c will be assumed for M. < 0.8. The value of (CNu )c from

Reference 96 can be used for low AOA calculations of most reasonable flares down to M. of
about 1.2. Linear interpolation between SBT and Reference 96 will be used for 0.8 < M.. < 1.2.

In examining Equation (28), it is seen that the Cy_ for a flare can get quite large if the
flare is long or if the flare is short but has a large flare angle. This is why use of a flare is quite
popular at higher Mach numbers, where the Cy_ for a fin substantially decreases with Mach
number increase.

The SBT center of pressure for a cone is the same as that from exact theory. The center
of pressure is at 2/3 of the cone length. However, for a conical frustrum, the center of pressure in
general will vary between 0.5 { and 2/3 {f, depending on the flare angle. For flare angles
approaching O, the value of (xcp)s approaches 0.5 (s whereas for large flare angles, (xcp)t
approaches 2/3 {;. Referring to Figure 21, the center of pressure of the flare using SBT can be

shown to be”*
A ___2_ 1 1—(1'1./1']3)3 _ l'r/I'B (30)
(X(:P)f_?:(l-—r,/r}3 ]l:l‘(r:/rla)z:l 1-r1, /55

Results of Equation (30) are computed and plotted in Figure 22 as a function solely of the
parameter r/rg. As seen in the figure, when the body consists of a cone (r; = 0), then the center
of pressure is at 2/3 of the cone or flare length (which are one and the same). On the other hand,
when the flare angle goes to zero so that r/rg = 1.0, the center of pressure goes to xcp/ls = 0.5.
For most typical flare lengths and angles, xcp/lr will vary from about 0.54 to 0.60.
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FIGURE 22. SLENDER BODY THEORY CENTER OF PRESSURE OF FLARE

Equation (30) results can be changed to body diameters by multiplying Equation (30) by

{¢#/d to obtain:
Z(__QE_ (‘e_f) — (XCP )f (31)
£ d d

The combination of Equations (28)-(31) give the Cy, and xcp for flares at all Mach numbers.
Cx is simply

Cy, =(Cy, )f a (32)

for small angles of attack. Since most flare configurations are designed to fly at small angles of
attack, Equations (31) and (32) determine two of the desired static aecrodynamic terms for a flare.
The pitching moment coefficient of the flare about some reference location is then

Xcp —X
Cy, =_.(_(_3‘_’_d_0<3) Cx; (33)
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2.4.2 Body Alone Pitch Damping Moment

The body alone dynamic derivatives are all computed based on an empirical model
developed by Whyte,97 called “Spinner.” The version that is incorporated into the AP9S8 is
basically the same version as initially included in the APC series in 1977. The technology of
Reference 97 was based on curve fits of data using standard spin stabilized rounds. The curve
fits have key parameters of length, boattail length, and Mach number for the dynamic derivative
predictions. Magnus force and moments are also estimated at both 1 and 5 deg AOA to
incorporate some nonlinearity due to AOA in the Magnus moment. The data bases upon which
the empirical curve fits were based were primarily limited to about 5.5 calibers and Mach
numbers less than 5.0 (newer versions of Spinner may now be available which remove these
limits). However, length was considered in a linear sense for roll damping moment and one of
the data bases had length as a parameter for pitch damping moments as well.

Since the late 1960’s and early 1970’s, the Army Research Laboratory (ARL) at
Aberdeen, Maryland has developed a very good CFD capability to compute both static and
dynamic derivatives of projectiles, with and without flares. References 90, 91, 93, and 94 are
some of the reports generated by ARL using CFD. As a result of these many CFD computations,
and comparison to data, one can now fine tune the older “Spinner” Model”” to be more
representative of a broader class of configurations.

In comparing the AP98 (in essence the “Spinner” model) predictions of pitch damping
moment to ballistic range data and CFD predictions of References 90, 91, 93, and 94, it became
apparent that a problem existed. The Spinner results appeared to be reasonable for M.. < 1.2 but
overpredicted CMq +Cy, as Mach number increased. The higher the Mach number, the worse

the predictions became. On the other hand, the errors followed a fairly smooth pattern, allowing
a correction to be derived based on CFD results from References 90, 91, 93, and 94.

The modified pitch damping moment coefficient for bodies without a flare present is
therefore

34
Cyi, +Cu, =(ch +Cyy, )S F, (34)

where (CMq +Cy, )s is the value obtained from the AP98%® which basically uses Reference 97.

F; is an empirical decay factor for Mach number derived using the AP98 and References 90, 91,
93, and 94. Here, F; is a function of Mach number and total length of the projectile and is
defined by the following model.
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a) U/d<50
F, =10 ‘M, <12

F, =0.0043M2 -0.151M_, +1.175;

12<M_ €50

F, =0.53 - M. >50
b) Yd=8

F, =10 ;M. <20

F, =0.0031 M2 -0.0884 M +1.164;
20<M_ <50
F, =0.8 ;M >5.0

c) S5<id<8
F =F (em:s)-(“d"5

)[F1 (¢/d=5)-F (¢/d =8)]

d) ¥d>12
F, =10 M, <20

F, =0.0011M2 -0.111M_, +1.178;
2<M_<50

F, =09 M, >5.0

e) 8<i/d<12
F =F (em:s)-(“‘i’g

)[F1 (¢/d=8)-F(¢/d=12)]

65

€8))

(36)

37N

(3%)
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2.4.3 Pitch Damping Moment of Bodies With Flares

A typical body configuration with a flare present is shown in Figure 21. As already
mentioned, the AP98 code does not calculate a value of additional pitch damping due to the
presence of a flare. The approximate method used here to represent the flare is basically to use
the Reference 98 approach where

2

(CM; +Cyg )f =-2 (CNQl )f (XC_P;-xﬁl (40)

Equation (40) was used in Reference 98 to approximate the pitch damping moment coefficient of
a wing, but here the flare replaces the wing planform area. (CNa )f of Equation (40) is defined

by Equation (28). (xcp);/d of Equation (40) is defined by Equations (30) and (31) and
Figure 22. Finally, since Equation (28) already includes the approximate reference areas,
Equation (40) is appropriate as it stands. Equation (40) only includes that portion of the flare
area external to the cylindrical part of the body (see Equation (27)). This is because the body
alone pitch damping moment discussed earlier already includes the cylindrical part of the
afterbody.

2.5 IMPROVED POWER-ON BASE DRAG PREDICTION INCLUDING BASE BLEED
EFFECTS

The approach used in the AP98 to predict the effect of the rocket engine burning on the
base drag of weapons was integrated into the aeroprediction code in the late 1970’s and has not
been upgraded since that time. The method utilized was basically an extension of the Brazzel”%
technique. The Brazzel technique was for solid rockets, which had an exit Mach number of 1.0
or greater. It required knowledge of some of the details of the rocket such as chamber pressure,
exit area to nozzle throat area, specific heat ratio of the exit gas, and location of the nozzle exit
with respect to the base of the missile or projectile. This approach has been shown to give
reasonable estimates of power-on base drag for a limited range of flight conditions when these
parameters (Pc/P«, Aj/A, ¥j, Xj/d;) are known.

While the approach by Brazzel has its strengths, it also has several weaknesses when
approached from an aerodynamics viewpoint. First, it was limited to jet momentum flux ratios
(RMF) of about 2.5 or less. Many of the world’s rockets have values of this parameter much
higher and therefore the method of Brazzel needs extending to higher values of RMF. This was
done and documented in Reference 66. Another problem with the Brazzel technique from an
aerodynamicist’s viewpoint is the required knowledge of the engine parameters. These
parameters are required in order to perform conceptual design tradeoffs of various rockets for
total drag when the engine is burning. As a result of this desire for conceptual trade studies
where some account of engine—on base drag is considered, other simplified procedures are
needed for base drag prediction. This report will address two other options to calculate power—
on base drag. Another limitation of the Brazzel method is its limitation to supersonic flow at the
nozzle exit. While the exit supersonic flow requirement is not a severe limitation for most rocket
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engines, it is a severe limitation for projectile configurations that use base bleed for base drag
reduction. As a result of this shortcoming, a method developed by Danberg'® for predicting
base drag for small values of the bleed injection parameter (I) will be made more general. A
final limitation of the Brazzel method is that it was derived based on freestream Mach number
data of 1.5 and greater. Therefore, it needs to be extended to at least the transonic Mach number
regime.

It is the purpose of this section of the report to develop the methodology to overcome the
shortcomings of both the Brazzel and Danberg methods for predicting power-on base pressure
coefficient. The modifications to the Brazzel”*® and Danberg'® methods will be incorporated
into the aeroprediction code for power-on base drag prediction and be a part of the next release
to the public, which will be in 2002 (AP02). The power-on base drag modifications will also be
incorporated into the personal computer interface for the AP02 so as to allow the various power-
on options to be considered in a very user friendly mode.

2.5.1 Power-on Base Drag for M > 1.0

Since the power-on base drag prediction method of the aeroprediction code is based on an
extension of the method of Brazzel, et al,”> it is appropriate to briefly summarize Brazzel’s
method. Figure 23A shows the nomenclature that is used for the rocket engine parameters. The
Brazzel and Henderson method defines the base pressure as

Pg 2
P—=O.047(5—Mw)[2(xj/dB)+(xj/dB) J+
(41)
T.
—3 [0.19+1.28( RMF ﬂ 35 >
T; 1+RMF /|| 1+2.5(dg /d,)
. P. 42 M?
where RMF=—3 3511 (42)
Yeo Poo dr Mw
T hi
2 (43)
T, Y}"l 2
D PO Y &
2 J

xj/dg is the distance the nozzle exit extends past the base in calibers and RMF is the jet
momentum flux ratio.

Brazzel’s method was built around two fundamental assumptions that he was able to
develop based on analysis of experimental data for jet exit Mach numbers 1.0 to 3.8. The first
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FIGURE 23. NOMENCLATURE FOR POWER-ON CONDITIONS FOR
ROCKETS AND BASE BLEED CONCEPTS

assumption is that freestream Mach number and nozzle diameter are accounted for by the
momentum flux term defined by Equation (42). The second assumption was that jet exit Mach
number could be described by the ratio of the jet static temperature for a given jet Mach number
to that at a jet exit Mach number of 1.0. This relationship is defined by Equation (43).

In reality, the Brazzel method was geared primarily to accounting for base drag for
sustainer rocket motors that typically have values of thrust coefficient of 0.2 to about 3.0 and fly
supersonically. However, as the mass flow ratio or thrust coefficient get large or the freestream
Mach number is transonic, the Brazzel method produces increasingly erroneous results for many
cases. This behavior of Equation (41) is illustrated in Figure 24, which correlates base pressure

predictions on a cylindrical afterbody for a jet exit Mach number of one (TJ- / Tj' = 1.0). Note

68



NSWCDD/TR-01/108

that the Brazzel correlation fits the data taken from References 99, 101, 102, and 103 quite well
for RMF values up to almost 0.5. Above values of 0.5, the data of Figure 24 is more scattered,
particularly for RMF values above about 1.5.

.Exp1,5,5,7

AP98: Use Brazzel to RMF = 1.5; Mean, Upper and Lower Bound of Pg/P,, for RMF>1.5

APQ2: Use Brazzel to RMF = 0.5, Interpolate Llnearly Between Lower and Upper Curves
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FIGURE 24. CORRELATION OF AVERAGE BASE PRESSURE FOR SOME CONDITIONS AT EXIT

Brazzel indicated he had little data for high thrust ratios to use in the method
development. The method of References 66 and 27, and included in the AP9S, > uses the method
of Brazzel for RMF values up to 1.5 and then the empirical curve fits that bracket most of the
data of Figure 24 in terms of upper and lower values along with a mean value. This mean value
is shown in Figure 24. However, in examining the data of Figure 24 more closely, it was found
that for higher values of Cr, Pg/P.. was primarily dependent on freestream Mach number with
little dependence on jet exit Mach number or jet exit diameter. Apparently, for high thrust levels
such as would occur on a high impulse sustainer or a booster rocket motor, one of the main
correlation parameters for Pp/P.. is M. Thus, the AP02 will modify the current methodology for
power-on base drag prediction of Reference 27 for RMF values greater than 0.5 so that Pp/P-
will be correlated with freestream Mach number, as opposed to giving the user an upper, lower,
and mean value of Pg/P.. for all freestream Mach numbers. The discussion of power-on base
drag prediction will be broken down by thrust or momentum flux ratio level.

We will first of all consider the lower values of RMF or Cr which are more
representative of a lower thrust sustainer engine. For these values of RMF, we will use the
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Brazzel method given by Equations (41) through (43). To utilize the Brazzel method, we must
obtain values of RMF either through direct input or through calculation based on known engine
quantities. The parameters that are normally known in a rocket engine are the chamber pressure,
Pc, the nozzle throat and exit area and the ratio of specific heats for the gas of interest. We can
use this information to determine the quantities Mj and RMF through the following process. We
will first of all assume isentropic flow throughout the nozzle. This means there are no strong
shock waves in the nozzle, only weak expansion or compression waves. This means that the
chamber pressure, which is the total pressure, since velocity is zero in the chamber, is constant
throughout the nozzle. Then, using this information, along with isentropic flow relations for
flow through a nozzle, the jet exit Mach number and pressure relationships can be defined. The
reader is referred to Reference 76 for the details of this process. Reference 76 documents the
methods discussed in this report in more detail and also gives more example cases as well.

Now knowing Pj/P«, Aj/Ars, Mj/M.. and ¥;/y., we can compute the jet momentum flux
ratio from Equation (42). Finally, knowing x;j/xs as a defined physical parameter and T;/ T;
from Equation (43), the base pressure ratio for power on can be computed from Equation (41).

The base pressure coefficient is defined by

P
CPB= 2 l:P—B—:| 44)

M2

where Pp/P.. comes from Equation (41). Finally, the base drag coefficient for power on

conditions is
2 2
d d;
GER -

Notice that Equation (45) subtracts out that part of the base area attributed to the jet exit
diameter, where the pressure is Pj, not Py. Pj is used in the calculation of jet thrust coefficient
through the relationship

d. Y 2 P.
Cr =2RMF+(ai] Ve (#—1] (46)
e ) Yo Mo (Ps

RMF and Pj/P.. of Equation (46) come from Equation (42) and the isentropic flow relationships
discussed earlier and defined in more detail in Reference 76. The total axial force coefficient is
then

CA=CAW+CAf-I-CAB -C; 47)
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As mentioned earlier, Equation (41) is limited to low to moderate values of jet
momentum flux ratio (RMF < 0.5). Many rockets, including some in the Navy, have values of
RMF much higher than 0.5. As a result, the method of Brazzel, et al,99 was extended to higher
values of RMF using data later taken by Craft and Brazzel,'! Henderson,'" and Deep, et al.'®

The method that will be part of the AP02 will have several changes from that in the
AP98. First, the method of Brazzel will be used up to values of RMF of 0.5 versus 1.5 as
currently stated in the AP98. - Next, for values of RMF > 0.5, a more robust empirical
relationship was derived for Py/P.. than Equation (41). This empirical relationship was based on
Equation (41), but extended Equation (41) to more appropriately fit the data of Figure 24 and
other experimental cases for high values of thrust. The method is defined by Equation (48).

N
T
Pb /P, = [Ti:| [Cl (CT’MN )+

]

C, (MN)[ Rmﬂf(dla /d, )+ (48A)

1+

0.047 (5—M,°)[2(xj/d3)+(xj/d3)z]

127G 0cc <2
11.0
where =0 , CTZIZ
=1 , C;r<10

Ci (Cr, M) and C; (M.) of Equation (48A) are found from Table 32 by linearly interpolating
based on a given value of Cy and M.. Also, for Mach numbers below about 1.5, it was found

that T,/ Tj* should have limiting lower values. This limiting lower value is defined by

07-1,/1})

(,/1;)  =07-(M_.-12) ]

(48B)
for1.2<M, <15

(r,/1;) =07 for M, <12

For values of Mach number above 1.5, T;/ T; retains the value computed from Equation (43).

The boattail term f(dp/d;) of Equation (48A) was also found to be dependent on thrust
coefficient. For low to moderate values of Ct on a boattailed configuration, f(dg/d;) follows the
form of Equation (41). That is
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3.5 _
1+2.5(dg /d, )

f(dg/d,)= C; <6.0 (48C)

For higher values of Cr, Equation (48C) is replaced by

fdg/d, )=1+ 12-Cy 35 —-1
6 1+2.5(dg/d,)

for 6<C; <12.0 (48D)
f(dg/d,)=1for C; >12.0

If the configuration has a flare, then f(dg/d;) follows the form:

3.5
f(dg/d,)= ;Cp <25
S 142.5(dg /d, T
_ (48E)
=14 2-Cr > ~—1[;25<Cy <75
50 [1+2.5(dg/d,)
=1 ;Cp>75

Equations (48C) and (48D) indicate that for lower thrust levels, the base pressure is raised by a
boattail, lowering base drag. However, for high values of Cr, the base pressure ratio is nearly
independent of boattail and the base drag reduction comes purely from a base area reduction.
Equation (48) reduces to the method of Brazzel at RMF < 0.5 but will give higher values than
the Brazzel method for higher M. At transonic Mach numbers, it can give values of Py/P.. lower
than the Brazzel method, due to the fact that Mach numbers as low as 0.9 have been included in
Figure 24 and Table 32 whereas the Brazzel method was originally derived for Mach numbers of
1.5 and greater. Also note that for Cr values greater than 12, the exit Mach number dependence
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TABLE 32. EMPIRICAL MODEL AND PARAMETERS TO DEFINE POWER ON BASE PRESSURE

N

T; , RMF RMF

PB/POO =[-T-"J;) Cl (CT,MQO)+Cz(M°0)(1+ ) 1t f(dB/dr)'i'f(XJ/d)
i

/

N=—I—1— , LosCr<12
where _, , Croi20 and f(xj/d)=.047(5—Mw)[2(xj/dB)+(xj/dB)zl
= N CT <1.0
fr,/17) 0.7-T;/T;
T/T5) . =07-(Mg-12) —3 | 3 125Me <15
=0.7 5 Mg <12
’Yj+1
* 2
(TJ/ J)min =— : Mg >15
1+-1— M}
If dg/d, < 1.0
f(dp /d,) = ——2—— . Cp <60
1+2.5(dg /d,)
_1412=Cr 3.3 >-1] ; 6sCr<12
6 |1+25(dg/d,)
=1 ; Cr>120
If dp/d, > 1.0
f(dB/d,)=—-———3-‘-5— ; Cr<250
1+25(dg/d, )
_145=C 3.5 _1] 5 25<Cp <75
50 |1+25(dg/d,)?
=1 ; Cr>75
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TABLE 32. EMPIRICAL MODEL AND PARAMETERS TO DEFINE POWER ON BASE PRESSURE

(CONTINUED)
C] (CT, M.,) CZ (Mm CT)
M.
CT CT
<1.0 2.0 20 40 >70 <1.0 22.0
<0.9 0.19 0.16 -0.06 0.02 0.0 1.24 1.24
1.0 0.19 -0.085 -0.06 0.02 0.0 1.28 1.37
1.25 0.19 -0.085 -0.01 0.02 0.0 1.28 1.47
1.65 0.19 -0.175 -0.06 0.04 0.0 1.28 1.70
2.0 0.19 -0.30 -0.20 0.02 0.0 1.28 1.90
2.5 0.19 -0.45 -0.23 0.01 0.0 1.28 2.30
3.0 0.19 -0.55 -0.22 -0.03 0.0 1.28 2.50
24.0 0.19 -0.65 -0.10 -0.04 0.0 1.28 27

of Equation (48) goes away. While Equation (48) is believed to be an improvement over the
AP98 methodology” and the Brazzel technique,® it still lacks complete robustness in terms of
nozzle exit geometry.

Another problem associated with the method outlined by Equations (41) — (48) and
Figure 24 for computing power-on base drag is the fact that for many users of the aeroprediction
code, information other than Pc may be available for a given rocket. Users would like the option
for computing power-on base drag, given a value of thrust and either P¢/P.., Pj/P«, or M;. Hence,
for cases where thrust and Pc/P. are known, the process to calculate Py/P.. is the same as
Equations (41) — (47), except Equation (438) is substituted for Equation (41). If thrust and Py/P.
are given, then from Equation (46),

1 4Y 2 (P
RMF=_|C; -| L — -1 (49A)

Then utilizing Equation (42)

2 2
M. = JRMI V.. P df Mo, (49B)

: v; P; d}

Likewise, if thrust and M; are known, then utilizing Equations (42), (46), and (47) we obtain
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2

d.

p Cr+ ?\42 (—d—’—]
i Vo e T (S0A)

2
> 2 [EJ—) [1+'Yj MJZ]

Yoo Mi dl‘

RMEF can then be computed from Equation (42).

Finally, if thrust and P¢/P. are given, then utilizing Equation (50A) and isentropic flow

relations, we obtain:
d. ¥ LTS
. - =1
e _..2__[_] i

—= (50B)

P, YV
vwi'li [Z—j) by, M2 +1]

All terms in Equation (50B) are known except M;. M; can be found by a numerical iterative
solution of Equation (50B).

Of course, Cr is defined by

ot
Yoo Poe Mi Al‘ef

C, (51)

Cp» Cap. and C, are then obtained through use of Equations (44), (45), and (47),
respectively.

A third alternative for rocket engine effects on base drag and total weapon performance is
where you know nothing about the rocket engine, except you know you want to parametrically
trade off power-on base drag as a function of weapon performance. For this option, we define

Cya, =-K(C4, (52)

) power off

where K varies from -1.5 to 2.5. While it is true this alternative of base drag that allows a
variation in C,  from 1.5 to —2.5C,_ is just an approximation based on no real rocket engine,

the range of values are reasonable boundaries of what one should expect for power-on effects on
base drag.
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2.5.2 Base Bleed

Base bleed is an alternative considered for use, primarily in unguided projectiles, to
decrease base drag. The concept works on the basis of burning a small amount of propellant in
the base of a projectile. This burning generates an exhaust gas which is typically subsonic and
incompressible and raises the temperature and pressure in the base area, thus lowering the base
drag. Figure 23B is an example of a base bleed configuration taken from Reference 100. There
have been numerous references in the literature over the past 40 years or so that address the base
bleed problem. Some of the more notable references are discussed in Reference 100. However,
as noted by Danbergmo, many of these references investigated the effects of base bleed or base
pressure in wind tunnel tests where fairly high values of the non-dimensional injection parameter
were used. This parameter is defined by

I= m, (53)
- poo Veo Aref

and is the ratio of the mass flow out of the bleed exit to that in a stream tube of area equal to the
cross sectional area of the body. Danberg'® noted that many tests were for values of I = .01 to
.04 for cold air whereas the practical case for projectiles is I = .001 to .005 with hot gas. These
low values of I for projectiles are due to the fact that only so much propellant can be carried in
the projectile cavity (see Figure 23B), and if a high value of I is used, the time over which the
base drag reduction occurs will be very short. A slower burn, lower velocity exhaust gas, and
hence lower value of I is thus more practical, even though the optimum value of I is about .01 to
.03 for minimum base drag based on the cold gas tests of References 104 and 105.

Assuming values of I of .001 to .005 allows some simplifications in the base pressure
estimation process. This is because for values of I < 0.005, the base pressure is approximately a
linear variation with I. This linearity of base pressure for low values of I is shown by
References 105, 106, and 107.

Danberg99 used the conclusion of near linearity of Py/P- as a function of I for I < 0.005 to
derive a semiempirical relationship to predict base pressure. Since the purpose of including base
bleed in the APC is to allow application primarily to unguided projectiles and since the range of
practical interest of base bleed for projectiles is fairly low, a slightly modified method of
Danberg will be adopted for use in the APC. Danberg’s method defines the base pressure as

Po (B ) ,_Of (54A)
P, |P. ), 1+Bol
d(p, /P
where cz—(—rl—/—:;)=[—5.395+0.0172Tj]Mm
dl
+[4.610-0.0146T, JM2 + [ 0.566 +0.00446 T; | M2, (54B)
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and
B=15.1-46.3(M, —0.71) (54C)

T; of Equation (54B) must be in degrees Rankine. Also, if B is less than 2.6, it should be set to
2.6 according to Danberg. Also, an upper limit of Pg/P.. of 1.0 will be included in the modified
Danberg theory. Notice that Equation (54B) has some nonlinearity brought into the method
through the second term. Danberg used a combination of computational fluid dynamics
calculations for forebody wave and skin friction drag, in conjunction with total axial force from
ballistic range data, to back out the base axial force term. Knowing C ag» the base pressure for

no base bleed can be calculated from

Pb} Y M3
Dol Ye Moo g (55)
(7)==

Equation (55) is then used as the first term of Equation (54A). The present approach differs from
Danberg’s approach in that (Py/P.)1=o will be defined based on the present method in the APC.%
In this approach, a mean base pressure coefficient curve has been defined based on an extensive
data base taken over many years. This mean base pressure coefficient curve is shown in
Figure 25. Thus, for a given freestream Mach number, one determines a value of (Py/P.)i= from
Equation (55). Then for a given value of exit temperature, T;, freestream Mach number and
injection parameter I, the base pressure can be calculated directly from Equation (54A). Base
pressure coefficient is then calculated from Equation (44).

0.25 groorrererrmresiieii e e ese e eapretaap ey aeenaeaen e eerepeseenetaratyorenonisonan

0.20 |- ..... ..... ..... s ..... ..... ..... ..... ..... .....

..........................................................................................................

n‘.n ....................................................................................
(_l) : : : M : : : : : : : :
0.10 Assumgtions . ..... ..... ...... : : : :
O Body Length > 6 Calibers J---i--oociveiionc f DG e bl
O Turbulent B.L. At Base e
0.05 . o Cyhndﬂcal Aftel'body ~. ..... n;.- ..... ...... i ..... . ..... ......
0.00

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
Mach Number

FIGURE 25. MEAN BODY-ALONE BASE PRESSURE COEFFICIENT USED IN AP98%
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For the base bleed methodology, Danberg assumed that P; = Pg in his analysis. Hence,
for base bleed, we do not subtract the area of the exit from the axial force calculations as we did
for rocket motors (see Equation (45)). The base axial force coefficient for base bleed conditions
is thus

2 i
dg | (ds | .. _
Cap =._CPB [E——) (d_] ;1=0 for flare (56)

T r
;1 =1 for boattail

To summarize the new methodology which will be incorporated into the 2002 version of
the APC, we will use a slightly modified method of Danberg where base pressure is defined by
Equations (53)-(55) and Figure 25 and base axial force by Equation (56). Equation (54A)
requires an input value of freestream Mach number, exit temperature in degrees Rankine, and a
value of the Injection parameter I. For most accuracy, I should be less than 0.005, but values of 1
as high as 0.01 can be assumed, but with larger errors in the prediction process.

2.5.3 Modified Base Drag Prediction Model

The base drag prediction model currently in use in the AP98 is described in
References 27 and 28. This model accounts approximately for the effects of Mach number,
AOA, fin thickness, fin location, fin local AOA, power-on/off, and boattail or flare. The method
described in this report will only affect the value of the power-on base pressure coefficient of the
body-alone. It will be assumed that this new value of body-alone base pressure coefficient will
replace that value currently used in the AP98. Then the effects of fins and AOA will be
unchanged from that in Reference 27 and 28.

2.6 IMPROVED ZERO-LIFT AXIAL FORCE FOR NONCIRCULAR BODIES

The approach used in the AP98 for calculating drag of the nonaxisymmetric body
configurations is based on the formation of an equivalent axisymmetric body of the same cross
sectional area. A correction is made in the skin friction component where

(Ca )= [-(—Cir-)“—c} .,) 57

€q
211:req

However, wave drag and base drag are based on the equivalent body which assumes an equal
area distribution.

To check out the assumptions of drag of nonaxisymmetric bodies, Eglin Air Force Base
conducted a series of ballistic range tests at the Aeroballistic Range Facility (ARF). These test
results are documented in Reference 78. Table 33 gives the physical characteristics of the
models tested and Figure 26 shows a schematic of the models. The models tested included 3 and
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4 fin circular and elliptical configurations with a/b = 1.25 and 1.67, and 4 fin square and 3 fin
triangular cases. As seen in Table 33, 11 to 18 shots of each configuration was tested, all with a
constant cross sectional area and an equivalent diameter of 17 mm. All configurations were

137.5 mm in length with 37.4 mm tangent ogive nose and 100.1mm afterbody.

TABLE 33. MODEL PHYSICAL PROPERTIES

Configuration Circular | Circular 0.8 0.6 Blended | Square | Triangular
4 Fin 3 Fin ‘Elliptical | Elliptical | Elliptical 4 Fin 3 Fin
4 Fin 4 Fin 4 Fin

Diameter (d), mm 17 17 17 17 17 17 17

Length (L), mm 1375 137.5 1375 137.5 137.5 137.5 137.5

Mass, g 844 835 880 916 912 853 824

I,, gram-cm’ 36.0 34.6 38.0 42.3 39.8 384 40.5

I,, gram-cm’ 1270 1230 1355 1290 1410 1304 1230

C.G. location (Xcg), 58.6 58.6 62.5 64.8 63.5 59.5 59.5

mm from nose

Number of ARF Trials 15 15 17 15 11 13 18

There were two reasons for testing 3 and 4 fin circular configurations as baselines. First,
in principle, by subtracting the 3 fin from the 4 fin circular and multiplying the result by four,
one could obtain the body-alone and fin-alone drag. In reality, it is difficult to do this with the
accuracy desired due to not having multiple fit ARF data points at the same Mach numbers for 3
and 4 fin cases. The second reason for testing 3 and 4 fin circular was to compare to the
elliptical, square, and triangular cases in a direct sense. The 4 fin circular can be compared
directly with the 4 fin elliptical and square cross-sections and the 3 fin circular to the 3-fin
triangular. Since the circular and elliptical, circular and square, and circular and triangular cross-
sections all have the same number of fins present, the difference in the zero-lift axial force
coefficient can be attributed to the body cross sectional shape. This difference can then be used

to define an empirical factor to modify the APO2 circular body drag predictions for noncircular
bodies.

The fins were all located flush with the base and had a semi-span of 9.91 mm with a root
and tip chord of 20.07 mm. The fin thickness was a constant 0.508 mm and the leading and
trailing edges were 100% truncated. Again, Figure 26 shows a schematic of the configurations
tested along with the Eglin Air Force Base Test Objectives.

Before we develop an empirical correction to the axial force of nonaxisymmetric bodies,
we will first compare the predictions of the APO2 to the ARF data for the various configurations.
The first case considered is the 4 fin circular configuration case and comparison of the AP02
axial force calculations to the ARF multiple data point data is shown in Figure 27. The ARF
multiple point data is where several trajectories are matched at a single Mach number. Three
boundary layer options are considered in the APO2 calculations. These are a smooth model with
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FIGURE 26. MODEL CROSS SECTION CONFIGURATIONS
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FIGURE 27. COMPARISON OF AP02 PREDICTIONS WITH VARIOUS BOUNDARY LAYER OPTIONS TO
ARF DATA FOR 4 FIN CIRCULAR CONFIGURATION
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no boundary layer trip at sea level conditions (assumes Ryr = 4 x 10, typical flight
configuration (assumes Ryt = 1 x 10°), and all turbulent flow. Since the models were polished
surfaces, it is expected the smooth model option or the typical flight configuration would best

represent the ARF data. As seen in Figure 27, the smooth model option is best for M > 1.5. As
Mach number decreases, the transitional Reynolds number also decreases based on comparison
to data, and at transonic and subsonic Mach numbers, a transition Reynolds number (Rnt) of
typical flight models is more realistic. At any rate, we will use the smooth model boundary layer
option when comparing the AP02 to the nonaxisymmetric body axial force coefficients of the
ARF data as a first approximation.

Figure 28 compares the smooth model boundary layer option of the AP02 to ARF
circular, elliptical with a/b = 1.25, and elliptical with a/b = 1.67 results. As seen in the figure,
experimental and theoretical results indicate for modest values of a/b, circular and elliptical
results are nearly identical for axial force coefficient. Although the theory does have a slight
variation of elliptical from circular, the differences are too small to see in the plot. These results
are similar to those given by Jorgensen'® as well. Hence, no change will be made to the AP02
elliptical axial force computations based on Figure 28. As already noted, it is difficult to model
the drag over the entire Mach number range with a constant transition Reynolds number. Based
on Figure 27 and 28, it is estimated that the transition Reynolds number varies between 0.5 x 10°
atM £ 0.5t04.0 x 10°at M > 2.00. Since Figure 28 calculations were done with Ryg = 4.0 x

105, the higher Mach number comparison of AP02 and ARF data are much better than the lower
Mach number comparisons.

0.75 -
L IR &
0.50 -
0.25 X" ®  ARF Circular™
’ A  ARF Ellipse (a/b=1.25)
¢ ARF Ellipse (a/b=1.67)
AP02 (Circular and Eliiptical)
0.00 L ] ] |
0 1 2 3 4

FIGURE 28. COMPARISON OF AP02 CALCULATIONS TO ARF DATA
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Figure 29 compares the AP02 predictions for the axial force of the circular and square
cross sections to the ARF data. The ARF data shows a consistently higher drag for the square
than the circular cross section. An approximate correction to the AP02 will be made to the body
wave drag and base drag terms to account for the ARF flight differences. The modified equation
for the AP02 zero yaw axial force for the square is

(Cir)s
(4), =(Cs, )C [ — g ] +(Ca, +Ca, )eq [t +.08(1-2k)] (58)
eq
A
0.75
~®
O
0.50
Ca
oo/
025 ® ARF Circular®
. 78
¢ ARF Square
——— APO2 (Circular and Square)
— — — Modified AP02 Square
0.00 ' . : L
0 1 2 3 4

FIGURE 29. COMPARISON OF AP02 AND MODIFIED AP02 CALCULATIONS TO ARF DATA
(CIRCULAR AND SQUARE SHAPES)

In Equation (58), (Cir)y is the circumference of the square compared to the circumference of the
equivalent circular cylinder and k = r, Wy. k is a measure of the corner roundness. k = 0.5
means the square goes to a circle so Equation (58) resorts back to the circular cross section
values. Also, Equation 58 applies to only the body-alone axial force components.

Figure 30 compares the AP02 predictions for the 3 fin circular and 3 fin triangular shapes
to the ARF data for the same shapes. Again, the AP02 differences for the circular and triangular
axial force predictions are approximately the same whereas the ARF data shows the triangular
shape having a slightly higher axial force coefficient for moderate supersonic Mach numbers and
lower. Since the data implies the triangular and circular shapes give about the same values of
axial force coefficient at higher Mach numbers, only the base drag term will be modified in the
modified AP02 computations. This is because base drag goes to zero as Mach number gets very
high. The modified value of AP0O2 for the triangular shape of Figure 5 is computed based on
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FIGURE 30. COMPARISON OF AP02 AND MODIFIED AP02 CALCULATIONS TO ARF DATA
(3 FIN CIRCULAR AND 3 FIN TRIANGULAR SHAPES)

Equation (59)

€ =Ca ) [(ii;r)m ]+(CAB )., i+070-260+Ca, ), (59)

As seen in Figure 30, the modified APO2 results are more in line with ARF data.

In summary, the ARF data has provided a means to modify the zero-lift axial force
coefficient for noncircular cross-sectional shapes. It was found no modifications to the present
APO2 calculations for C5 were needed for elliptical shapes whereas a slight increase in Cy in the
APO2 was required for square and triangular shapes. The square shapes increased the circular
shape body-alone wave and base drag by about 8 percent for sharp corners. The triangular
shapes increased the body alone circular base drag by 7 percent for sharp corners.

2.7  TRAILING-EDGE FLAP TECHNOLOGY

One idea that has been considered to meet lower cost, lower volume, and lower
maneuverability control requirements for guided projectiles is to deflect a part of a wing or tail
surface as opposed to the entire surface. The portion of the tail surface considered for deflection
is at the tail or wing trailing edge. Figure 31 is an illustration of a typical concept being
considered where a part of the trailing edge portion of the tail fin is being considered for the
control surface as opposed to the entire tail surface. As seen in Figure 31, this projectile concept
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FIGURE 31. PROJECTILE CONCEPT WHERE TAIL TRAILING EDGE FLAP
IS DEFLECTED FOR CONTROL

is very low drag, and given a high initial velocity, can produce a fairly long range, even without
a rocket motor. For long ranges, winds and other ballistic errors can produce sizeable miss
distances without some sort of corrective device. While the large tail fins of the Figure 31
concept are needed for stability at a high velocity launch, deflecting the entire tail fin a
significant amount to eliminate the ballistic errors is not needed. Only a fraction of tail surface is
required to provide adequate maneuverability if the deflection occurs over a sustained period of
time. The small deflected surface area can also result in a much lower volume, weight, and cost
for the control system. As seen in Figure 31, the amount of area of the trailing edge can vary
depending on the requirements. Shown in the figure is a variable semispan, root chord, and
hinge line for the trailing edge flap.

The most recent version of the NSWC APC (AP98%°) distributed to users is not capable
of computing aerodynamics on a concept such as that shown in Figure 31 when the trailing edge
flaps are deflected. The objective of this section of the report is to summarize the methodology
developed in Reference 109 that allows the 2002 version of the APC (AP02) to compute
aerodynamics on a configuration where some portion of the rear part of the aft lifting surface
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(either wing or tail) can be deflected to provide control. In developing this trailing edge flap
acrodynamic predictive methodology, considerations of the cost to integrate the new
methodology into the APC were a prime driver in the method chosen.

In reviewing the literature to determine approaches to use for calculating the
aerodynamics of trailing edge flaps, the general approach that came the closest to that desired for
use in the future APO2 is that adopted for the Missile Datcom®’. In that approach, an equivalent
value of deflection for the entite wing or tail surface is determined to reflect a given flap
deflection. In other words

Sy =£ (5,) (60)

The equivalent value of 8w was determined offline using methods in the airplane DATCOM? at
subsonic speeds and the method of Goin''™° at supersonic speeds. The advantage of an approach
such as Equation (60) for codes such as Missile Datcom®” or AP98™ is that this is the least costly
and most straightforward approach to incorporate the computation of aerodynamics of trailing
edge flaps into an existing computer code. The low cost is because codes such as AP98> or
Missile Datcom® are generally already set up logic-wise to compute the aerodynamics of a
configuration where one set of fins are deflected. Hence, if one can define what that wing
deflection is in terms of some flap deflection, the codes®®’ can be exercised to provide a set of
aerodynamics that simulate a configuration with a trailing edge flap deflected by a given amount.

While the approach used by the Missile Datcom [Equation (60)] to compute
aerodynamics of trailing edge flaps is the same approach that will be adopted for use here, the
methods that will be used for the AP02 will differ from those>''® used in the Missile Datcom®”.
There are several reasons for this. First, the method of Goin'*® has too many limitations. Some
of these limitations include requirements for supersonic leading and trailing edges of the flap
hinge line, viscous effects are not accounted for, and the method does not include nonlinearities
due to large flap deflections or AOAs. Second, while the method of Reference 2 takes into
account some of the viscous and nonlinear effects that Reference 110 does not account for, the
method itself is inconsistent with that of Reference 110.

The objective here is to derive an improved method to compute aerodynamics of trailing
edge flaps that utilize the Equation (60) approach. The method should be similar for both
subsonic and supersonic freestream Mach numbers, should not be limited to supersonic leading
and trailing edges, should account (at least empirically) for viscous effects, and should account
for nonlinearities associated with large flap deflections or AOAs. From a practical standpoint,
the weapons that will use the trailing edge flaps for control will typically fly at fairly small trim
AOAs (less than 10 deg). However, flap deflections as large as +30 deg are not unreasonable in
order to achieve the appropriate trim AOA desired. Also, from a practical standpoint, most
applications the author is aware of will be below M., = 2.0. However, the method should be
general enough to be applied over the Mach number range of applicability of the AP98 or AP02,
which is O to 20. On the other hand, the method will not be validated over this large Mach
number range due to limited experimental data and lack of funding to perform extensive Navier
Stokes computations.
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To most efficiently implement the methodology for computing the aerodynamics of a
weapon concept that is controlled by trailing edge flaps, we seek the definition of the equivalent
wing deflection that yields the same normal force, pitching moment, and trim AOA as that
obtained by deflecting the trailing edge flaps. In mathematical terms,

Nw() + Npw) =N¢ f (61)
MW(.B) +Mpw) =N¢ f [(XCP )f _Xref] (62)
(otg Dy = (otrm )¢ (63)

In reality, if Equations (61) and (62) are satisfied, Equation (63) will automatically be satisfied.
We then must define the relationships that allow Equations (61) and (62) to be satisfied.

Notice that in Equations (61) and (62), the wing-body normal force and pitching
moments are equated to the normal force and pitching moment coefficients of the flap alone with
no interference effects present, times an empirical constant. There are a couple of reasons for
this. First, when the entire wing is deflected, it will have carryover normal force onto the wing.
This means the equivalent control deflection of the entire wing will be lower than if no carryover
normal force were present. Second, while there will be some interference carryover normal force
onto the flap from the wing or body, this extra normal force can be lumped into an empirical
term, f;, which will be defined later.

Equation (61) can be expanded as

(CN,, )w [kW(B) +kB(W)]8W = (CNa )f f, O¢ (64)

The empirical factor, f;, of Equation (64) accounts for several physical phenomena. These
include boundary layer buildup and separation of the flow ahead of the flap on the wing surface;
flap thickness effects; effects of the slot created between the wing and flap when the flap is
deflected; and interference effects of the flap onto the body or wing or the wing or body onto the
flap. The factor f; will be determined empirically based on experimental data for wings which
have trailing edge flaps. Figure 32 attempts to pictorially and mathematically show the
representation of a trailing edge flap deflection by deflecting the full wing.

To determine f;, we equate the right hand side of Equation (64) to the change in normal
force coefficient at some AOA due to a control deflection &;. That is

(ACy ),

=(—T~—— (65)
Cx, J; 8¢ 13

1

- (ACy )f of Equation (65) is the additional normal force coefficient created by a flap deflection

Or. (CN,, )f is the theoretical normal force coefficient slope for the flap of given aspect ratio and
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Physical Representation

Reality Approximation
Body-Tail With T.E. Flap Body-Tail

o /r a /'
v vV _—
e ->

Tail With T.E. Flap Tail With No Flap
5, 5

—h L

Mathematical Representation

Or (CNa )T (kT(B) + kB(T))
[Normal force coefficient of j

tail deflected on amount 6

(C, ); f1 8¢

Normal force coefficient
of flap deflected an amount §;

Physics f; Accounts for

¢ Boundary layer buildup and separation e Viscous effects completely different
ahead of flap (boundary layer, no separation bubble)
e Slot between wing and flap e No slot present

¢ Interference effects of wing/body on flap o Interference effects automatically included
and vice versa due to flap deflection

FIGURE 32. PHYSICAL AND MATHEMATICAL REPRESENTATION OF TRAILING EDGE FLAP
DEFLECTION BY FULL WING DEFLECTION

taper ratio at a given Mach number and AOA. This theoretical value is determined by the
methods in the AP02 for a flap only (no wing ahead of it). The AP02 methods include linearized
theories at low AOA or control deflection combined with empirical approaches at higher AOA.
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These methods in the AP98 or APO2 are fairly general and can calculate aerodynamics on
supersonic or subsonic leading edge wings or flaps at low AOA. Also, aerodynamics can be
computed for Mach numbers O to 20 and AOAs to 90 deg. Hence, the theoretical methodology
for computing (CNa )f is fairly general. The value of (CNa )f is actually computed using a

secant slope for a given AOA. This value of (CNcl )f is then multiplied by the given flap

deflection, &;, as seen in Equation (65). The numerator of Equation (65) is based on
experimental data, which accounts for various physical phenomena of a flap in conjunction with
a wing, which a wing alone does not have. Hence, the empirical factor f; is generated by the
ratio of experimental data for a flap on a wing to a theoretical wing alone solution.

The factor f; in the denominator of Equation (65) is used to account for the fact that the
theory in the AP0O2 which defines the lift curve slope of an entire wing deflected an amount 0 at a
given AOA may not accurately predict the increment in normal force generated by a flap. The
factor f is expected to be near one at supersonic speeds. However, at subsonic speeds, wind
tunnel data suggests the theoretical predictions of additional normal force generated by a flap are
higher than what the theory suggests. This inaccuracy of the theory arises from using the secant
slope for (CNa ) . versus using the local slope at a given value of . At supersonic speeds, use of

the secant slope does not appear to be a problem. However, subsonically, the Cy versus « curve
levels out at around 25 to 30 deg AOA, so an additional increase in « brings increasingly less
increase in Cy. Using a secant slope for (CNa )f versus the local tangent gives a value of (C Ng ) A

too large and therefore a value of f; too low. The parameter f, therefore corrects for this
weakness. One could change the overall APO2 code to use local versus secant slopes. However,
this would be a very costly and time consuming process, and it was much more cost effective to
define the factor f5 to take care of this correction for the trailing edge flap technology.

In Equation (65), it is assumed both the numerator and denominator are based on the
same reference area A If (CN(! )f is calculated based on a wing-alone solution for the flap,

then Equation (65) must be multiplied by A,f /Af to have consistent reference areas.

To define the empirical factor f;, two data bases will be used.!'?  Reference 111
contains data for a canard-body-tail configuration (see Figure 33) with trailing edge flaps. Data
is available for Mach numbers 1.5 to 4.63, AOAs -2 to about 30 deg (except for M.. = 1.5 where
some data is available only to about 15 deg AOA), and control deflections O to -30 deg.
Unfortunately, no positive values of & were available in Reference 111, possibly because a
negative value of O is required for trim to occur when « is positive.

Reference 129 contains data for low Mach number (M.. = 0.3 to 0.5) for several different
configurations. These configurations included an elliptical and circular cylinder-shaped body
with either a delta or sweptback rectangular wing. The wings could have either a leading or
trailing edge flap. The configuration of most interest here is the delta wing with trailing edge
flaps on a circular cylinder body (see Figure 34). Data is available to 40 deg AOA for flap
deflections of +10 and +30 deg. Hence, Reference 129 will complement the supersonic data of
Reference 111.
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For Mach numbers in between M.. = 0.4 and M.. = 1.5, the following procedure will
apply for computing f;. For Mach numbers below M. = 0.8, the value of f; computed at
M..=0.4 will be assumed to apply. For Mach numbers between M.. = 1.5 and 0.8, linear
interpolation will be used to compute f; based on the values of f; at M. = 1.5 and 0.8.

Figures 35 and 36 give the values of f; determined by using References 111 and 129 to
find values of (ACN)f and Reference 59 to compute a value of (CNa ) . at a given AOA.

Figure 35 is when o and & are of opposite signs, which is the practical case for trim when the aft
located control surface is deflected. Figure 35 applies for M.. > 1.5 and for values of o and & of
the same sign when « is numerically small. No data has been found to ascertain the validity of
Figure 35 when « and & are the same sign and « is greater than a small value. For M.. > 4.63, the
value of f; at M. = 4.63 will be assumed. Figure 35 also holds for values of &; up to -30 deg,
based on Reference 111 data.
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\._._\_/
1 ] ]
0 10 20 30

a (deg)

FIGURE 35. VALUE OF PARAMETER f; AT SUPERSONIC SPEEDS BASED ON
REFERENCE 111 DATA AND AP98

Figure 36 gives values of fj for M. = 0.4 for values of « up to 30 deg and for values of 8¢
of 30 deg. Figure 36 values of f; utilize the values of f, from Figure 37. Figure 37A presents
the most practical case for tail-located trailing edge flaps since & and 8; must be of opposite signs
for trim to occur. Figures 37B and 37C present results for f, when a and ¢ are of the same sign.
Figure 37B is for & = 10 deg and Figure 37C is for &; = 30 deg. Linear interpolation of
Figures 37B and 37C will occur for values of &; other than 10 or 30 deg.
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Knowing f; from Figures 35 or 36, Equation (64) can be rewritten as

el ],

S =
v |:(CN(, )w (kW(B)+kB(W))

(66)

The way Equation (66) is utilized within the AP02 is as follows:

1. For a given flap size, (CNa )f is computed from the wing-alone solution in the AP02

at a given M., o, AR, and A. This value of (C Ng )f is then related to A versus Ag.

2. f; is then computed via table lookup for a given value of o, M., and 05 (if the flow is
subsonic).

3. For a given wing size, compute (C Ng ) - from the wing-alone solution in the AP02 at

a given M., &, AR, and A. This value of (C Ny, )w must again be referenced to Ars.

4. Compute values of kwep) and kpw) at a given o using the nonlinear control
methodology in the AP0O2. This methodology uses SBT as a basis for low AOA
estimates and wind tunnel data at high AOA to modify these estimates.

5. For a given value of O, an effective value of Ow can now be computed based on
Equation (66). This value of 8w is the amount the entire wing is deflected to
approximate the additional normal force of a wing due to a trailing edge flap
deflection of an amount Js.

Equation (66) defines the equivalent fin deflection to give the same normal force that
deflecting the rear part of the fin an amount &; would give. The normal force coefficient of the
flap or fin is computed from Equation (67). That is

(acy); =f, (Cy, ), 8 (67)

The question that we must now address is the pitching moment for the flap. By deflecting the
entire wing an amount 8w defined by Equation (66), the pitching moment for the wing will be
based on the center of pressure of the entire wing, not that due to the flap. Therefore, to obtain
the correct pitching moment for the flap, where the entire wing is deflected, a change in the
center of pressure must be calculated.

Most trailing edge flaps under consideration have a fairly high aspect ratio with a fairly
small root chord. The initial thought by the authors was to assume the center of pressure of the
normal force generated by the trailing edge flap would be similar to that on a high aspect ratio
wing alone. That is, for subsonic flow, the center of pressure would be around the quarter chord
location and then transition to the half chord location around M., = 2.0. However, in comparing
this assumed location to the experimental data of References 111 and 129, it was clear this
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assumption on center of pressure location was not correct. It is believed the reason for the center
of pressure assumption not being correct is that the flap cannot be treated as a wing in isolation at
most Mach numbers. At a Mach number of 1.5, the assumption of % chord transitioning to %
chord supersonically was a good assumption (see Figure 38). However, at other Mach numbers,
assuming the center of pressure of the flap normal force could be treated similar to a high aspect
ratio wing in isolation became increasingly erroneous as seen by the experimental data of
Figure 38. In giving the behavior of the experimental data in Figure 38 some thought, the
authors believe that the physics-of the flow can explain the Figure 38 experimental data. That is,
as Mach number increases and the trailing edge flap is deflected, a shock is created ahead of the
leading edge of the flap. This shock in turn creates a high pressure region on the wing where the
flap is attached. This high pressure region is the reason for the experimental center of pressure
of the flap normal force actually lying ahead of the leading edge of the flap as seen by Figure 38.
The dashed line in Figure 38 is the new assumed center of pressure of the flap normal force as a

function of Mach number. Notice that in Figure 38, [(XCP )f / Cr]avg represents the average

center of pressure over the AOA range from 0 to 30 deg as a fraction of the root chord of the
flap.

10
® Expm,ug Typical Flap Alone ch\
-
[(ch)f:' 0 I /;/// \\Gzl I 1 I
Crt Jave /1 8/ 2‘.&@ 3.0 G;1.0 M. 590
L O // N
| o@D N e
10 \ Opposite Sign ®
(a, 6) Same Sign

Assumed Representation of Data ©
For Flap Attached to Wing

FIGURE 38. FLAP ALONE AND TRAILING EDGE FLAP ATTACHED TO WING AVERAGE CENTER OF
PRESSURE OVER ANGLE OF ATTACK RANGE OF 0 TO 30 DEG FOR VARIOUS MACH NUMBERS

At a subsonic Mach number of 0.4, the center of pressure also lies ahead of the flap. If
the flap deflection has the same sign as the AOA, this center of pressure location is about 0.7
chord lengths ahead of the flap leading edge. If the flap deflection is of opposite sign to the
AOA, the center of pressure is about 0.4 chord lengths ahead of the flap leading edge. For Mach
numbers 0 to 0.8, it is assumed these values of 0.4 and 0.7 chord lengths hold constant. For
Mach numbers 0.8 to 1.5, it is assumed the location of the flap center of pressure varies linearly
between the values at M. = 0.8 and 1.5.

The physics which cause the center of pressure to move ahead of the flap are believed to
be different for the subsonic and supersonic cases. Supersonically, it is believed viscous effects
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as well as the shock structure are the dominant features. However, subsonically, it is believed
the flap deflection rearranges the pressure distribution on the wing ahead of the flap as well as
the viscous effects, which are present at all Mach numbers. The rearrangement of the pressure
distribution on the wing ahead of the flap occurs because in subsonic flow, disturbances in the
flow can feed forward, whereas supersonically they cannot, except through the boundary layer.

From a practical standpoint, the effect of the flap center of pressure shift diminishes its
effectiveness somewhat in generating trim AOA. This is because the center of pressure of the
normal force actually lies in front of the flap at most Mach numbers, decreasing the moment
somewhat and hence the trim AOA. On the other hand, if the flap is located near the base of a
fairly long body, a one to four inch shift in the center of pressure forward can be fairly small in
terms of the overall moment arm. The amount of normal force created does not seem to be
affected by the forward shift in center of pressure for trailing edge flaps.

The center of pressure of the trailing edge flap is therefore

(XCP )f - (XLE)W +Crw _Crf f3 _Xref
fref Eref

(68)

The term f3 of Equation (68) is based on the empirically defined dotted lines of Figure 38. That
is

f, =+1.5 for M, <0.8 and (o, 8) opposite signs
=+1.8 for M, 0.8 and (o, 5) same signs
f;, =2.53-129M_, for0.8<M_ <1.5 and
(o, 8) opposite signs
=3.17-171M_, for 0.8<M_ <1.5 and
(o, 3) same signs
f; =-084+096M_ for1.5<M_ <27
=1.75 for M, >27

(69)

Using Equations (68) and (69), the change in pitching moment created by the fact the wing is
deflected to simulate the trailing edge flap deflection is then

(ACy); =- (Afi: ) {{Xee) - Ko I+ (70)

[(XCP )W - XCG ]}

Equation (70) represents the pitching moment coefficient of any configuration where the trailing
edge flap deflection is approximated by deflecting the full wing. The first term of Equation (70)
represents the difference in the center of pressure between the flap and wing whereas the second
term represents the center of pressure of the wing normal force term relative to a reference
location which is taken to be the center of gravity of the vehicle. Of course, the center of
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pressure of the wing is computed in the APO2 using linear theory methods at low AOA and
transitions to the centroid of the wing planform area at high AOA.

The major focus in the analysis for estimating the aerodynamics of trailing edge flaps has
been to determine an equivalent tail deflection which will give normal force and pitching
moments equal to those when the flap is deflected. No mention of axial force has been made to
this point. The axial force coefficient will be different for an equivalent wing deflection based
on a flap deflection &:. The flap deflection will generate an additional axial force term due to the
fact &¢ will be generally much larger than dw. An approximate relation which can be used to
calculate the increment in axial force coefficient that results from estimating the aerodynamics
based on a wing deflection of dw versus a flap deflection of & is

(AC,); =ACK); lsin[8; |~ sinlSyw] ] (71)

AC of Equation (21) is the additional normal force contribution due to the flap. Sin |0¢
N /¢ p

takes the component of this normal force term in the axial direction. Sin |dw]| subtracts off the
component of axial force of the wing since this is automatically included in the APO2
calculations; to leave this term in the calculations would mean doubly accounting for the wing
deflection axial force contribution.

2.8  TRAJECTORY MODELS

The evaluation of the flight performance of today’s projectiles and missiles is typically a
two step, iterative process. First, the aerodynamic coefficients for the airframe must be
determined over the anticipated envelope of flight conditions. This is accomplished through
wind tunnel testing or by using software that will predict the aerodynamics. Second, the
aerodynamic coefficients are inserted into a trajectory model so that the aerodynamic forces
acting upon the missile may be determined for any flight condition. The trajectory model is then
executed and the results are analyzed.

In the above process, the first step is usually performed by an aerodynamicist, while the
second step is performed by a flight dynamicist. If the flight dynamicist is not satisfied by the
flight performance predicted by the trajectory model, he may make changes to the airframe.
These changes will in turn effect the aerodynamics, thereby requiring the aerodynamicist to
create a new set of aerodynamic data to be inserted into the trajectory model. This iterative
process continues until an airframe is found which optimizes some desired aspect of the flight
performance.

Depending upon the flight regime over which the aerodynamics are to be computed, a set
of trim aerodynamics may take on the order of 1 to 2 man-days to generate. The term “trim”
means that the aerodynamic coefficients correspond to a state in which the pitching moment
coefficient (Cy) is equal to zero. As an example, a set of trim aerodynamics was found for a
wing-body-tail configuration for angles of attack («) ranging from O to 30 deg in 5 deg
increments. Also, there were two center of gravity (cg) locations and 4 Mach numbers (M) to be
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evaluated. This means that there were 56 trim points to be found. The work was performed
using AP98. Although AP98 executes fairly rapidly, it does not directly provide trim
aerodynamics. Instead, the user must generate plots of pitching moment vs fin deflection () at a
given Mach number and AOA. Then the user must “eyeball” the results until the trim point is
found to be within some desired accuracy. This may entail several iterations until the Cy = 0
point is bounded and is displayed on a scale large enough to ensure accuracy. It took an
experienced AP98 user approximately 10 hr to accomplish the task. Of the 10 hr, only about 15
min were required to set up the missile configuration in AP98.

Note that the run matrix of 56 points is a very modest one. For example, the effect of
altitude upon trim axial force coefficient (Ca)trpy Was disregarded. Also, the intervals between
Mach numbers and angles of attack were fairly coarse. The center of gravity corresponded to the
full and empty fuel states only. To predict flight performance more accurately, a
correspondingly more detailed set of aerodynamics must be provided. The generation of
aerodynamic tables, especially trim aerodynamics, can be tedious and time consuming.

The insertion of aerodynamics into the trajectory model also requires some amount of
time. The actual amount of time will depend upon the amount of aerodynamic data to be
inserted as well as the experience level of the flight dynamicist. For example, it took about 2 hr
to insert the aforementioned set of trim aerodynamics into a trim 3 degree-of-freedom (3 DOF)
model. This time also included the compilation and execution of the code. In this case, the
flight dynamicist was experienced with the particular trajectory model. Obviously, the insertion

of aerodynamic data would take considerably longer had the users not been familiar with th
trajectory model. '

The total amount of time to generate a set of aerodynamics, insert the aerodynamics into
a trajectory model, and run the trajectory model for this example was approximately 12 hr and
required 2 people. Each person was experienced in performing his part of the task. Also, each
person was available to do the work when required. That is, there was no delay when the
aerodynamicist transitioned the aerodynamic data to the flight dynamicist. In summary, one
iteration from aerodynamicist to flight dynamicist for the example case cited took approximately
12 hr. This is relatively quick turn around time since the aerodynamics were sparse (in terms of

Mach numbers and control deflections selected) and the people doing the work were experienced
and available.

The process discussed in the preceding paragraph was for one iteration only. If the
performance of the concept was adequate, that would probably complete the initial phase of the
design and aerodynamic and performance assessment of the concept in question. However, in
most cases, several design iterations are required to see the effect on the aerodynamics and
performance of each design change. Thus, the time involved to generate the trim aerodynamics
and perform performance assessments is a minimum of 12 hr times the number of concepts
investigated. Combining the aeroprediction code with trajectory models for automatic trajectory
generation of a given design concept thus has potential for a large cost savings. When the cost
savings is multiplied by the many users of the APC, the cost savings becomes even larger.
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The remainder of this section of the report will discuss the combination of trajectory
models with the AP02. This combination will then allow one user to do the work of both the
aerodynamicist and the flight dynamicist in the preliminary design of a weapon and in
performance analysis. More specifically, this report will discuss the joining of an upgraded 1998
APC with a 2 DOF ballistics model (TRAMOD'"?) and a trim 3 DOF model (MEM") to form
the 2002 APC. By using the APO2 code, the aforementioned example case can be performed in
1 hr, versus 12 hr, for each design iteration. More details of what will be presented in this
section of the report can be found in Reference 114.

2.8.1 TRAMOD - A 2 DOF Ballistics Mode]*!'?

The TRAMOD code is used to simulate point mass ballistic trajectories of gun launched
projectiles. It contains the following primary features:

DEGREES OF FREEDOM: There are two degrees of freedom: downrange and altitude.
A third degree of freedom, the cross range translation (or drift), is not included in the equations
of motion. Instead, the drift due to spin and yaw of repose are computed with closed form
equations. In this sense, the TRAMOD is a quasi 3 DOF ballistic model. On the other hand,
cross range due to the effects of crosswinds are accounted for in the equations of motion.

COORDINATE FRAME: The equations of motion are integrated in a flat earth system.
The X component is aligned along the downrange direction, the Y component is to the right in
the cross range direction, and the Z component is up, completing a left-handed coordinate
system. A closed form equation is solved at the end of execution of the TRAMOD code to
adjust the range for curved earth effects. An option is provided to include Coriolis effects should
the user desire.

ATMOSPHERE: There are three options for describing the atmospheric properties. The
users may choose from the Navy Standard Atmosphere (NAST), the International Civil Aviation
Organization Atmosphere (ICAO), or the actual observed local atmospheric conditions may be
entered.

INTERGRATION SCHEME: The code uses a 4™ order Runge Kutta method for
integration. The integration time step may be specified by the user.

AERODYNAMICS: The user must supply an input file which contains a drag
coefficient (CD) as a function of Mach number at sea level.

THRUST, WEIGHT, CG: Thrust (T) is not allowed. There is no provision to allow for
continuously varying weight or cg; however, staging is allowed.

GUIDANCE: All trajectories are ballistic. The AOA is zero throughout the flight.

The mathematical model which defines the equations of motion of the TRAMOD code is
given by:
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% =-D(x-W,)/MV-C, (72)
y=-Dly-w, MV -C, (73)
i=-D(z)/MV-g-C, (74)

where

D= %pwV,,f A Cp

Cr=Ayz2-A,y

C,=A,% ——Ax Z

C,=Ay-A X

A, =-2Q cos(®; )cos(®,)

A, =2Qcos(0, )sin(6,)

A, =-2Qsin(0, )

Drift = k3 (xp —x, )/ V,dt (75)
k = drift constant defined by user input

Equations (72) — (74) are integrated using a standard fourth-order Runge-Kutta integration
scheme. The reason the TRAMOD is defined as 2-D versus 3-D is that the motion in the x-y
plane caused by spin and yaw of response is not included directly in the equation of motion.
Only crosswinds are accounted for in the y equation of motion, Equation (73). However, drift is
approximated by Equation (75) where k is a user defined drift constant, xt is the final range, and
X, Vi are the initial range and velocity at the beginning of the drift calculation. For more details
of the TRAMOD model or integration of this model with APC, the reader is again referred to
References 112 and 114, respectively.
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2.82 MEM — A 3 DOF Trim Model'®

The MEM code is used to simulate and optimize trajectories of a tactical missile. It
contains the following primary features:

DEGRESS OF FREEDOM: There are three translational degrees of freedom.

COORDINATE FRAME: The equations of motion are integrated in a North, East, Down
coordinate frame, (SIM frame), which is defined at launch as a function of latitude and longitude.
The attitude of the frame remains constant relative to an earth centered inertial (ECI) frame
throughout the simulation. The code utilizes a round earth model which may be used in either a
rotating or non-rotating mode.

ATMOSPHERE: The 1962 US Standard Atmosphere Tables are used.

INTEGRATION SCHEME: The code uses a 4™ order Runge Kutta method for
integration. The integration time step is .25 sec.

AERODYNAMICS: The code determines the aerodynamic forces acting upon the
weapon via linear interpolation inside of tables of aerodynamic coefficients. Aerodynamic
coefficients include C, and normal force coefficient (Cy) as a function of Mach number, AOA,
and center of gravity location.

THRUST, WEIGHT, CG: These parameters are computed from tables by using linear
interpolations.

GUIDANCE: Because the MEM is used as a tool for analyzing and optimizing missile
performance, there are various types of guidance schemes that have been used. Kappa guidance
is used most often for the midcourse trajectory.

For more information about MEM code, see Reference 113. For more information on
combining the MEM code with the APO2, the reader is referred to Reference 114.

The mathematical model used in the MEM code is given by:

Ky = 9 cosocosP+ g sinB+Zg sin ocos B (76)
m
Yw=-— cosasinf + g cosP—Zg sinosin an
m
(T-D
Py = 0 )sinoc+iB cos O (78)
m

where
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¥g,Zg = achieved normal accelerations in the body y and z axes.
m = the mass of the missile
Dy = the zero AOA drag
«o, = angle of attack and yaw, respectively
T = thrust
T = TsL+ Ae PsL (1.0 -Pc)
where
A = the exit area of the nozzle
Py = the sea level pressure
Pc = the current normalized atmospheric pressure
TsL = the sea level thrust

Equations (76) — (78) are defined in the wind axis system based on thrust, drag, missile
instantaneous mass, and achieved normal acceleration in the y and z body axis given some
commanded acceleration inputs. The commanded acceleration inputs are defined using one of
several guidance laws, some current state, and some target state. Fourth-order Runge Kutta is
used as the integration scheme for Equations (75) — (78). Again, for more details of the MEM
model and implementation into the APC, the reader is referred to References 113 and 114,
respectively.

3.0 SUMMARY OF AERODYNAMIC METHODS

Section 2 of this report summarized the new methods that will be included in the AP02
that were not available in the AP98. Reference 59 summarizes the methods that were part of the
API8 so the reader is referred to that reference for the details of the AP98 methods. Suffice it to
say that the AP98 is based on modified versions of slender body, linear theory, or second-order
perturbation theories at low AOA and empirical methods at high AOA. The low AOA
theoretical methods gives the APC a good foundation to predict aerodynamics for various
geometries and for various flight conditions up to AOA of about 10 deg. The empirical methods
that were developed based on several large data bases extend the low AOA methods all the way
to 90 deg AOA.

A summary of the theoretical methods that make up the AP0O2 are shown in Tables 34 -
37. Table 34 gives the body-alone methods, Table 35 provides the wing and interference
methods, Table 36 shows the dynamic derivatives, and Table 37 provides the trajectory options
which are part of the AP02. The highlighted (italic print) methods in Tables 34 - 37 represent
the new theories that are part of the AP02 that were not included in the AP98.

Figure 5 shows the evolution of the APC from its initial version, the AP72, to the latest
version to be released, the APO2. As seen in Figure 5, the APO2 is the only version of the APC
that provides a trajectory option, multi-fin capability, and addresses several emerging projectile
requirements.
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TABLE 34. AP02 METHODS FOR BODY-ALONE AERODYNAMICS

COMPONENT/ MACH SUBSONIC TRANSONIC supllz'gs\z)m c S’b‘&%’?&%‘;c HYPERSONIC
NUMBER REGION
M.<08 08<M.s<12 12<Mo<18 18 <Mo< 18 M->6.0
SEMIEMPIRICAL | SECOND-ORDER SOSET PLUS IMNT
NOSE WAVE DRAG EMPIRICAL | BASED ON EULER | VAN DYKE PLUS | SOSET PLUS IMNT | MODIFIED FOR
SOLUTIONS MNT REAL GASES
BOATTAIL OR FLARE SECOND-ORDER SOSET FOR REAL
WAVE DRAG o WU AND AOYOMA | "y, A\ DYKE SOSET GASES
SKIN FRICTION DRAG VAN DRIEST II
FASE DRAG THPROVED EMPIRICAL METHOD
o POWER-OFF o EMPIRICAL
o POWER-ON o MODIFIED BRAZZEL METHOD
o BASE BLEED e  MODIFIED DANBERG METHOD
AXIAL FORCE AT EMPIRICAL METHOD
AEROHEATING
NFORMATION .- SOSET PLUS IMNT FOR REAL GASES
SEMIEMPIRICAL | TSIEN FIRST-
I‘,T;g;%%ﬂg&g’% EMPIRICAL | BASED ON EULER ORDER SOSET SOSEZ}:?,‘;SREAL
SOLUTIONS CROSSFLOW
VISCOUS LIFT AND
PICRNG AT IMPROVED ALLEN AND PERKINS CROSSFLOW
NONAXISTMMETRIC
BODY AERO
e LIFTING o MODIFIED JORGENSEN
PROPERTIES
o AXIAL FORCE o MODIFIED AXISYMMETRIC BODY
NONLINEAR ST,
LOADS AVAIL. NO YES
(@ =0, 45°)
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TABLE 35. AP02 METHODS FOR WING-ALONE AND INTERFERENCE AERODYNAMICS

oW MOD/HAIGH
COMPONENT/ MACH SUBSONIC TRANSONIC SUPERSONIC SUPERSONIC HYPERSONIC
ER REGION
NUMBER REGIO! M.<08 08 <Mas12 2 M< L8 L8 <M. <60 M.260 |
SHOCK EXPANSION|SE PLUS MNT FOR|
WAVE DRAG EMPIRICAL “Nfﬁ?smm (SE)PLUSMNT | REAL GASES
ALONG STRIPS | ALONG STRIPS
SKIN FRICTION DRAG VAN DRIEST II
TRAILING EDGE
SEPARATION DRAG EMPIRICAL
BODY BASE PRESSURE
CAUSED BY TAIL FINS EMPIRICAL
INVISCID LIET AND
PITCHING MOMENT
« LIFTING
LINEAR R AT ooyl * EMPIRICAL IDTWT 3DTWT 3DTWT
- NONLINEAR - EMPIRICAL
WING-BODY, BODY-WING
INTERFERENCE
(@=0,45%)
“LINEAR - SLENDER BODY THEORY OR LINEAR THEORY MODIFIED
FOR SHORT AFTERBODIES
« NONLINEAR « IMPROVED EMPIRICAL
WING-BODY,
INTERFERENCE DUE TO 5
(@ =0, 45°)
« LINEAR « SLENDER BODY THEORY
« NONLINEAR « IMPROVED EMPIRICAL
YRR LINE VORTEX THEORY WITH MODIFICATIONS FOR Ky,
D TERM AND NONLINEARITIES
(@=0,45)
SE PLUS MNT
AEROHEATING NONE PRESENT SE PLUS MNT LS
NONAXISYMMETRIC
BODY AERO (@ 0. 45° IMPROVED NELSON METHOD
NONLINEAR ST, LOADS
AVAIL. (& =0, 45%) NO YES
& SFINAERO
- LINEAR - SLENDER BODY THEORY
« NONLINEAR « SEMIEMPIRICAL (CFD + DATA)
TRAILING EDGE FLAPS ON

TAILS SEMIEMPIRICAL (SEEK TAIL DEFLECTION FOR EQUAL NORMAL FORCE)
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TABLE 36. AP02 METHODS FOR DYNAMIC DERIVATIVES

COMPONENT/
MACH NUMBER
REGION

SUBSONIC
M. <08

TRANSONIC
08<M,.<12

LOW
SUPERSONIC

125sM.<18

MOD/HIGH
SUPERSONIC

18 <M, <6.0

HYPERSONIC
M. >6.0

BODY ALONE
e NOFLARE
e WITH
FLARE

e EMPIRICAL
o SEMIEMPIRICAL

WING AND
INTERFERENCE
ROLL DAMPING

LIFTING SURFACE |

THEORY

‘EMPIRICAL

LINEAR THIN WING THEORY

MOMENT
WING MAGNUS
MOMENT
WING AND
INTERFERENCE
PITCH DAMPING
MOMENT

ASSUMED ZERO

LIFTING SURFACE

THEORY EMPIRICAL

LINEAR THIN WING THEORY

TABLE 37. TRAJECTORY CAPABILITY WITHIN APC

SIMULATION MODE AP72 — AP98 APO2
PARTICLE BALLISTIC | NONE YES
3 DOF NONE YES

4.0 RESULTS AND DISCUSSION

The results and discussion section of the report will focus primarily on validating the new
elements of technology that have been added to the AP98 that make up the new APO2. Focusing
on the newer elements of technology discussed in Section 2 of the report still requires use of the
elements of the AP98 that have not been modified. To point out the differences between the
APO2 and AP98, both results will be shown compared to experiment when available. In some
cases, such as 6 and 8 fin aerodynamics, trailing-edge flaps, or base bleed, this is not possible
since the AP98 does not have these capabilities available.

4.1 IMPROVED NONLINEAR AERODYNAMICS

To compare the improved nonlinear aerodynamics generated by the APO2 to the AP98
and experiment, six cases will be considered. In addition to these six cases, comparison of the
APO2 to the AP98 and the generic wind tunnel data bases of Reference 69 and 70 will be
summarized. The References 69 and 70 data bases are based on Figure 12 configurations.

A summary of the comparison of normal force coefficient predictions by the APO2 and

AP98 to the References 69 and 70 data bases is given in Table 38. The Tri-Service data base®
consisted of Mach numbers 0.6, 0.8, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.5 with AOA up to 25 to
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40 deg (depending on Mach number) and for @ = 0 and 45 deg roll. The highest aspect ratio fins
(AR = 4) of the Tri-Service data base were very small, so the data associated with those fins was
not included in Table 38. Also, the aspect ratio 2.0 fin data of Reference 69 was only included
for Mach numbers 1.5 and greater for the same reason of small fin planform. The Reference 70
data base consisted of Mach numbers 0.6, 0.9, 1.2, 1.6, 2.0, 2.3, 2.96, and 3.95 for AOA from 0

to 20 or 30 deg (depending on Mach number), but at the roll position of @ = 0 deg only.

The Table 38 errors were measured at o = 10, 15, 20, 25 and 30 deg where data was
available. The error in Table 38 is defined by

Nexp - CNTheory

Error (%) = I

x 100 (79)

Nexp

The errors in Table 38 are then broken down by Mach number and then summed and averaged
for all Mach numbers. The average normal force coefficient error of 3.8 percent in Table 38 is
about 2-3 percent lower than for the AP98. In other words, incorporation of the Reference 70

TABLE 38. AVERAGE NORMAL FORCE ERRORS OF AP02
COMPARED TO COMBINED DATA BASES®"°

MACH NO. NO. POINTS AVERAGE ERROR (PERCENT)

0.6 89 55
0.8-0.9 95 7.2
1.2 102 3.7
1.5-1.6 172 2.6
2.0 168 33
23-25 166 2.8
2.96-3.0 167 3.6
3.5-3.95 163 42
4.5 108 3.2
TOTALS 1230 3.8

data base, which focused on variations in 1/s, has allowed the average normal force errors to be
reduced by about 40 percent when comparing the AP02 to the AP98 and the data bases upon
which the nonlinear aerodynamic terms were based.

No average error on center of pressure was made because of time constraints. However,
suffice it to say that the average center of pressure error for the AP98 on the NASA Tri-Service
data base was less than 2 percent of the body length.”® Improvements made in normal force
should only improve these already excellent predictions. Likewise, no improvements in axial
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force were sought, as we were satisfied with the power-off predictions of axial force from the
APIS.

While the average accuracy comparisons of Cy to experiment of Tables 38 is impressive
for a semiempirical code, the true measure of success is based on the ability to accurately predict
aerodynamics on a wide variety of configurations outside the data bases upon which the
empirical nonlinearities were derived. The first case considered is taken from Reference 115 and
is a mode] of an older version of the SEASPARROW missile. A fairly extensive data base exists
for this configuration. The configuration is shown in Figure 39, where the wings or tail surfaces
can be used for control.

This configuration has a length of about 18 calibers with a tangent ogive nose
2.25 calibers in length. It has wings and tails of fairly high aspect ratios of 2.8 and 2.6,
respectively. Data was taken at Mach numbers of 1.5 to 4.63 for AOAs to 40 deg and control
deflections of 0 and 10 deg (at M of 1.5 and 2.0) and 0 to 20 deg (at M of 2.35 to 4.63). The data
was taken at a Reynolds number of 2.5 x 10%ft and boundary layer trips were also used. The
model had a hollow camber, and camber axial force measurements were given separately in
Reference 115. These results were added to the forebody axial force measurements to compare
with the AP98 and AP02.

< 11.37 r, = .54
=
< 10.80 {, = .46
Hinge Line Moment Center 57.3°
< 9.14
4%
< ) 120
| |-
—270—>] 2.40 x
>yl 0.57
202 5
< 18.81 »
< 21.60 >

FIGURE 39. WING-BODY-TAIL CONFIGURATION USED IN VALIDATION PROCESS
(ALL DIMENSIONS IN INCHES)

Figure 40 shows the comparisons of the AP98 and AP02 to the data of Reference 115 for
® = 0 deg and @ = 45 deg and for the wing control configuration. Figures 40A and 40B give C,,
Cn, and Cy for M. = 1.5 at 8w = 0 and 0w = 10 deg at ® = 0 deg. In general, both the AP98 and
APO02 give good comparisons to data. Figures 40C and 40D give similar results for M.. = 2.87,
and Figures 40E and 40F, for M. = 4.6. Overall, for this configuration, at ® = 0 deg roll, the
AP02 and AP98 are about equal in overall accuracy comparisons with the AP02 being slightly
more accurate. The worst case errors are for center of pressure at higher Mach number and AOA
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where the bow shock intersects the wing shocks. This nonlinear phenomenon is not modeled in
the @ = 0 deg roll orientation at all. For the ® = 45 deg roll, the center of pressure shift partially
accounts for this phenomenon, but not entirely. Center of pressure errors approach 0.6 caliber or
3 percent of the body length at M. = 4.6 and a = 40 deg. The other point is that the normal force
predicted by the APO2 for combined « and &y is better than the AP98 at M.. = 4.6. The reason
for this phenomenon has to do with the fact that the wing-alone normal force tables were
decreased slightly at o = 60 deg for the AP02.

Figures 40G and 40H present M.. = 1.5 results of theory compared to experiment
for @ = 45 deg roll, again for the wing-controlled case of Figure 39. Figures 40G and 40H give
Ca, Cx, and Cy for M = 1.5 and 6w = 0 and 10 deg. Figures 401 and 40J give similar results for
M.. = 2.87 and dw = 0 and 20 deg, and Figures 40K and 40L give results for M.. = 4.6 and dw =0
and 20 deg. Figure 40L shows the same phenomena as Figure 40F. That is, with the lowering of
Cy, at @ = 60 deg in Table 4C to be more in line with the Stallings data,* improvements in

normal force coefficient prediction are realized. Note that reasonably good agreement is
obtained between experimental data and both the AP98 and APO2 for all static aerodynamics at
all three Mach numbers and for all control deflections. Here, the worst-case center of pressure
error is less than 3 percent of the body length.

Figure 41 presents results for the Figure 39 configuration where the tail, versus the wing,
is used for control. Here, only the 8t = -10 deg and -20 deg results are shown as the 61 = 0 deg
control is basically the same as that in Figure 40 for w = 0 deg. Both the AP02 and AP98 give
good results for C,, Cy, and Cy. Note the good agreement of the APO2 and the AP98 with the
data. Again, the worst case error on pitching moment results is a center of pressure error of less
than 3 percent of the body length.

In general, for the configuration of Figure 39, the APO2 average errors show slight
improvements over the AP98. This is primarily because the AP98 comparisons to data were

already extremely good and the changes to the AP98 methodology based on the Reference 70
data base were minor for this configuration.

The second configuration is taken from Reference 116 and is a canard-body-tail missile
configuration. It is 22.2 calibers in length, and the nose is hemispherical. The tail surfaces are
fairly large, with aspect ratio 0.87, and fairly thick, with truncated trailing edges. The canards
are aspect ratio 1.73. The configuration is shown in Figure 42A. The hangers which are on the
wind tunnel model were not modeled by the APC. Tests were conducted for M. = 0.2 to 4.63,
AOA of 0 to 20 deg, control deflections of 0 to 20 deg, roll of 0 to 45 deg, Rn/ft of 2 x 10° for a
model with boundary layer trips. Base pressure values as a function of M.. and AOA were given
in Reference 116 and these values were added to the axial force information so total axial force
values could be shown.

Figure 42B gives the comparison of theory and experiment for @ = 0 deg roll for both 0
and 20 deg control deflections. Results are shown in terms of C,, Cn, and Cy versus Mach
number for o = 20 deg. Viewing Figure 42B, it is seen that the AP98 and AP02 both give good
agreement to data. In comparing the AP0O2 to the AP98 and experiment, it is seen that the AP02
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shows some improvement in prediction of normal force and pitching moment coefficients
compared to the AP98 for the following conditions: (1) Mach numbers less than 0.9 and (2)
Mach numbers greater than 2.1 for normal force coefficient. For the intermediate Mach
numbers, prediction accuracy of the two versions of the APC is comparable. Axial force
prediction accuracy for this configuration of the two codes also shows the AP02 to be slightly
better than the AP98.

The @ = 45 deg roll comparisons of Ca, Cy, and Cy for & = 20 deg and d¢c = 0 and 20 deg
are shown in Figure 42C. In general, the AP02 gives better normal force coefficient predictions
compared to data than does the AP98. Pitching moment coefficients predicted by the AP02 are
also slightly better than those predicted by the AP98, although the improvement is not as great as
for the normal force coefficient. Again, slight improvement in axial force coefficient is also seen
between the AP02 and AP9S.

To summarize the second validation case considered, it is seen that the improvement in
normal force prediction accuracy of the APO2 based on the more recent data base of
Reference 70 carried over to the Figure 42A configuration. For the 56 data points of
Figures 42B and 42C (14 Mach numbers, 2 roll orientations, and 2 control deflections), the
average normal force error was reduced from 7.9 percent using the AP98 to 4.2 percent using the
APO02. This is a reduction in the normal force prediction error of over 40 percent. Some slight
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improvement in pitching moment, center of pressure, and axial force was also observed for the
APO2 compared to the AP98. However, these improvements were not as large as for normal
force coefficient.

The third configuration was tested by Jorgensen.'” The configuration is shown in
Figure 43A and consists of a wing-body and wing-body-tail. Both the wings and tails are fairly
large in surface area and aspect ratio. Figure 43B gives the normal force coefficient comparison
between the AP98, the AP02, and experiment for the wing-body case at Mach numbers of 0.6,
0.9, 1.5, and 2.0 and AOA to 60 deg. The AP02 provides only slight overall average accuracy
improvement over the AP98. Both predictions fall well within the average accuracy goal of
+10 percent. Figure 43C gives both the normal force and center of pressure comparisons for the
wing-body-tail case of Figure 43A. Again, the AP02 shows only slight improvement over the
AP98 compared to experiment.

< 10.0d >

—>| [«0.5d

—1 |/
TN

Tangent Ogive

e

—>| < 0.92d

«—3.3d—>

PARAMETERS

(AR); =364 A,

.29 d=26in.
(AR) = 2.81 28

FIGURE 43A. WING-BODY AND WING-BODY-TAIL CONFIGURATIONS
USED FOR COMPARING AP98 TO EXPERIMENT AND AP02
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Jorgensen WB Case (® = 0°)
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FIGURE 43B. NORMAL FORCE COEFFICIENT COMPARISONS FOR WING-BODY
CONFIGURATION OF FIGURE 43A
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FIGURE 43C. NORMAL FORCE COEFFICIENT AND CENTER OF PRESSURE
COMPARISONS FOR WING-BODY-TAIL CONFIGURATION OF FIGURE 43A

The fourth case considered in the evaluation of the improved empirical constants
developed for the nonlinear aerodynamic terms of the normal force Equation (1) is taken from
Reference 118 and is shown in Figure 44A. The wind tunnel model was about 22 calibers in
length with a sharp nose of 2.25 calibers. The canards had an aspect and taper ratio of 2.0 and
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FIGURE 44A. CANARD-BODY-TAIL CONFIGURATION WITH VARYING TAIL SPAN
(FROM REFERENCE 118 WITH ALL DIMENSIONS IN INCHES)

0.3, respectively. Various tail fin spans were considered. This model was tested at Mach
numbers 1.6 to 3.5 at AOA to about 18 to 20 deg. It had a boundary layer trip present and was
tested at a Ry/ft of 2.0 x 10%. Reference 118 gave separate values of base axial force coefficient,
which were added to the axial force values given in the reference to compare to the AP98 and
APO02 computations. To compare the experimental data to theory, Mach numbers of 2.5 and 3.5
are selected at roll angle 45 deg. Also, values of the tail-to-canard semispan of 0.47 and 1.25 are
considered. Figures 44B and 44C present the comparison of theory to experiment for byb, =
0.47 and by/b, = 1.25 at Mach numbers of 2.5 and 3.5, respectively, for Ca, Cn, and Cy.

In examining Figures 44B and 44C, it is seen that the AP02 and AP98 both give excellent
agreement with experiment for the by/b, = 0.47 case. However, for the b/b, = 1.25 case, the
APO02 shows improvement over the AP98 in both Cy and Cy at both M =2.5 and M = 3.5.

The next set of wind tunnel data considered for comparison purposes is taken from
Reference 119. Body-alone, body-tail, and wing-body-tail configurations were all part of this
test series. Figure 45A shows one of the configurations tested and considered here for validation
of the AP02 results. The model is 13.5 calibers in length with a 1.5 caliber tangent ogive nose.
The wing surfaces are fairly large, with thickness of t/c; = 0.0178 and wedge angles of 15 deg on
the leading and trailing edges. The tail surfaces have thickness of t/c; = 0.05 and wedge angles
of 20 deg. The tests were conducted at Mach numbers 0.7 to 3.08 with Reynolds number
varying from about 2 x 10° to 4.6 x 10° per foot. The smooth model without boundary layer trip
option was used for the AP02 and AP98 calculations. AOA to 25 deg were considered in the
wind tunnel test. For comparison purposes, normal force and pitching moments are compared to
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FIGURE 45A. WING-BODY-TAIL CONFIGURATION CONSIDERED FOR VALIDATION
WITH AP02 AND AP98 (REFERENCE 119)

data at M. = 1.42 and 3.08 for the @ = 0 deg roll orientation. Figure 45B presents these results.
As seen in the figure, both the AP02 and AP98 give quite acceptable comparisons to data, with
the AP0O2 giving slightly better comparisons for both the pitching moment and normal force
coefficients. Both versions of the APC give aerodynamics well within the accuracy goals.
Reference 119 also gives axial force information where the base pressure has been subtracted.
Unfortunately, only a side camber tap was used, so the AOA information was not believed to be
accurate. Hence, no axial force comparisons with AOA are shown.

The final case is shown in Figure 46 and the test data was given in a report by Howard
and Dunn.'® This configuration has dorsals that have an aspect ratio of 0.12 and tail surfaces
that have an aspect ratio of 4.0. The exact configuration illustrated at the top of Figure 46 is not
within the allowable constraints for fin planform required by the APC. Therefore, a modified
version of the fin planforms is required, one that meets the constraints of the APC. This
configuration is shown in the middle of Figure 46. Note that the parameters that were held
constant for the fin planforms were area, aspect ratio, span, taper ratio, leading-edge sweezp
angle, and location of the geometric centroid of the planform area. The Howard and Dunn'?
work gave only normal force as a function of AOA. The AP02 and AP98 results are also shown
at the bottom of Figure 46. Quite acceptable agreement is obtained with the AP02 compared to
experiment, even at high AOA. The AP98 and AP02 are somewhat lower than the data suggests
at high a. However, part of this underprediction is suspected to be the tendency of a base-
mounted sting to give larger-than-true normal forces at subsonic Mach numbers. In making this
statement, sting interference effects were assumed to be unaccounted for in Reference 120.
Comparing the results of the AP02 to the AP98 in a quantitative sense, the average normal force
error of the AP98 for 34 data points is 10.7 percent, whereas the average normal force error of
the APO2 is 6.0 percent. This 6.0 percent error is based on 34 data points at both the ® = 0 and
® = 45 deg roll orientations.
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To summarize, the nonlinear empirical constants used in the APC to predict nonlinear
normal force and pitching moments on missile configurations at high AOA have been refined
based on a more recent missile-component, wind tunnel data base.”” In comparing the new
aerodynamic predictions of the revised code (AP02) to the latest released version of the APC
(AP98), the following conclusions were drawn:

(1) The refined nonlinear empirical coefficients reduced the average normal force error
of the AP02 compared to the AP98 for the NASA/MDAC”° and NASA/Tri-Service®
by about one third. Some improvement in center of pressure was also noted, but not
quantified.

(2) In comparing the APO2 to the AP98 on six wing-body-tail configurations outside of
the missile component data bases upon which the nonlinear empirical constants were
derived, it was found that in general, the improvements in average normal force error
of the AP0O2 were seen here as well. The average improvements range from only a
slight improvement on one case to over 40 percent reduction in error for the best
case. Overall, it is guessed that the average normal force error was reduced by about
20 to 25 percent from the AP98 to the AP02. Some improvement in both pitching
moment, center of pressure, and axial force were also noted on several of the cases
investigated.

42  MULTI-FIN WEAPON AERODYNAMICS

Multi-Fin here is meant 6 or 8 fins as the AP98 already has the capability to handle 2 and
4 fin cases in the computational process. Two cases will be considered in the validation process.
Other cases can be found in Reference 67. The first case is an Army 6 fin projectile concept
shown in Figure 47A and taken from References 90 and 121. The configuration of Figure 47A
consists of a cone-cylinder-body and is 13.99 calibers in length with a diameter of 35.2 mm. The
cone half-angle is 8 deg and the leading and trailing edges of the fins are blunt. For the AP02
computations, Reynolds number was computed based on sea level conditions and the body
diameter as reference length. The “wind tunnel model with no boundary layer trip” option was
used in the APO2 for viscous flow computations. Ballistic data was available over a Mach
number range of 3.0 to about 4.5. CFD data was given from M. = 3.0 to 5.5 and AP0O2
computations were performed over this same Mach number interval.

Comparisons for normal force coefficient and pitching moment coefficient slopes at zero
AOA are shown in Figure 47B. The APO2 results at lower Mach numbers tend to be somewhat
high compared to the CFD numbers in both cases, and both tend to lie above the range data.
Figure 47B also shows the comparison for axial force coefficient. Good agreement is obtained
throughout in this instance. The comparison for pitch damping coefficient is also shown in
Figure 47B. Once again, the AP0O2 numbers are somewhat high relative to the CFD results and
both tend to lie above the majority of the ballistic data.

A second set of data was available from the guided projectile wind tunnel tests of

Reference 122.  The model used is shown in Figure 48A. It consists of a circular body,
approximately 12.26 calibers in length, with a 3-caliber Von Karman ogive nose. The body
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2.976in.

e 36.510 in.

FIGURE 48A. SCHEMATIC OF EIGHT-FIN GUIDED PROJECTILE (FROM REFERENCE 122)

diameter is 2.976 inches. Eight small, high aspect ratio pop-out fins are located at the rear of a
short boattail section. The model was also tested with four pop-out canards, but this
configuration was not considered since the desire was to isolate the effects of the fins. It was
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necessary to modify the fin geometry to conform to the input requirements of AP02. The
equivalent fin has a trapezoidal planform with the same area, sweep angle, and aspect ratio as the
original. APO2 runs were completed at the indicated Reynolds numbers for each case (which
vary from 1.4 to 2.5 x 10° ft) and the “wind tunnel mode! with no boundary layer trip” option
was used.

Wind tunnel data was available in this case for the body alone, so it was used to adjust for
the effects of crossflow separation and reattachment. This adjustment is made in the AP02 by
changing the critical crossflow Reynolds number and by shifting the value of crossflow Mach
number at which the “drag bucket” starts. These two parameters are set to obtain a good fit to
the experimental data at each Mach number and are then used for all further computations. The
values that were determined are as follows:

M =10.40: Critical Reynolds Number = 179000
Crossflow Mach Number Shift = -0.03

M =0.80: Critical Reynolds Number = 333000
Crossflow Mach Number Shift =+ 0.09

M =0.95: Critical Reynolds Number = 333000
Crossflow Mach Number Shift =+ 0.13

M =1.05: Crtical Reynolds Number = 333000
Crossflow Mach Number Shift =+ 0.17

M=1.10: Critical Reynolds Number = 333000
Crossflow Mach Number Shift =+ 0.185

M =130 Critical Reynolds Number =2 x 10°
Crossflow Mach Number Shift =+ 0.25

M=1.60 Critical Reynolds Number = 2 x 10°
Crossflow Mach Number Shift =+ 0.25

M=2.00 Critical Reynolds Number =2 x 10°
Crossflow Mach Number Shift =+ 0.25

The comparisons for total normal force for the full 8 fin configuration are shown in
Figures 48B and 48C for Mach numbers 0.4, 0.8, 0.95, 1.05, 1.1, 1.3, 1.6, and 2.0, respectively.
Angles of attack range up to 15 deg. In general, the comparisons are quite good. The body
aerodynamics under these low Mach number conditions can be very sensitive to the subcritical or
supercritical status of the flow in the leeward region, making accurate predictions difficult. The
differences are related primarily to this effect rather than to the fin modeling.
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43  PITCH DAMPING IMPROVEMENTS

Several improvements were made to the AP98 that will be part of the AP02 with respect
to pitch damping moment coefficient. These include improvements for body length, Mach
number and in particular the addition of the flare (which was unaccounted for in AP98). Five
cases will be shown to illustrate the results which will be part of the AP02. Additional cases are
found in Reference 74. The APO2 results will be compared to the AP98, test data, and Navier
Stokes computations (if available).
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The first two cases are configurations without a flare. The first case is a secant ogive
cylinder (SOC) configuration (see Figure 49). The ogive is three calibers in length and the
afterbody varies in length from 2 to 4 to 7 calibers. The pitch damping coefficient results for
each of these afterbody length cases is shown in Figure 49. The results are compared to
parabolized Navier Stokes (PNS) computations of Reference 93. Note that as Mach number
increases above 2, the AP02 gives results which are in much closer agreement to the PNS results
than the AP98 computations.

ol 0 2 4
Mo
A. Schematic of the SOC Configuration® B. 0=5x,=3
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FIGURE 49. PITCH DAMPING MOMENT COEFFICIENT PREDICTIONS FOR THE SOC CONFIGURATION
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The second case considered is the Army-Navy-Spinner-Round (ANSR) shown in
Figure 50. Test data and PNS computations are taken from References 93 and 94. Data is
shown in Figure 50 for Mach number 0.8 to 2.5 along with AP02 and AP98 computations. Note
that for these low Mach numbers, AP98 and AP02 are about the same and both agree with data
and PNS results except for the 9 caliber case. For the 9 caliber case, there is a lot of scatter in the
data, but both theories tend to be in the middle of most of the data.
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FIGURE 50. PITCH DAMPING MOMENT COEFFICIENT PREDICTIONS COMPARED
TO EXPERIMENT FOR ANSR
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The next three cases are for flared projectile configurations. Figure 51 gives the first case
considered. It is termed the CS-V4-1 configuration in Reference 91. This configuration consists
of a blunt cone-cylinder-flare, where the flare angle is 6 deg and the flare length is 3.51 calibers.
The overall configuration length is 15.36 calibers. The configuration of Figure 51 shows rifling
grooves, but a smooth body was assumed in the PNS and aeroprediction calculations. Pitch
damping results are shown in Figure 51 for Mach numbers 0.4 to 5.0 from the AP02 and AP9S.
PNS results are shown from M.. = 3 to 4.5 and ballistic range results are shown at M.. = 4.0.
Note that the AP02 methodology agrees much closer to the experimental data and PNS results
than does the AP98. The AP98 results are basically those of a cone-cylinder that is
15.36 calibers long.

Figure 52 shows pitch damping results for a configuration similar to that of Figure 51,
except the flare is longer, 4.49 versus 3.51 calibers, and the overall Figure 52 configuration
length is longer (16.34 versus 15.36 calibers) than that of Figure 51. Again, AP98 and AP02
results are shown for Mach number of 0.4 to 5 whereas PNS calculations were available for
Mach number of 3 to 4.5 and ballistic range data was available for M.. = 4.0 only. The AP02
results match the PNS calculations adequately with the AP98, being much lower than the PNS
results due to not accounting for the flare. The ballistic range data are somewhat lower than the
PNS data and APO2 for this configuration, possibly due to the impact of the grooves on the pitch
damping.

The final configuration considered was taken from Reference 90 and results are given in
Figure 53. It consists of a 13.16 caliber cone-cylinder-flare where the flare angle varies from 4
to 14 deg. Only M.. = 4.4 data was given in Reference 90. Notice the good agreement of the
APOQ2 to the CFD computations. Here the worst error of the AP02 compared to the CFD is under
6 percent for the O; = 14 deg case. Again, the AP98 gives unacceptable agreement to the CFD,
except for small 0.

44  ENGINE-ON AND BASE BLEED EFFECTS ON BASE DRAG

Several cases will be used to show the improvements in the AP02 with respect to
predicting base pressure when the rocket engine is on or when a projectile burns a small amount
of propellant in the base region. We will consider the base bleed cases first.

The first base bleed case is shown in Figures 54 and 55. The case is for a condition
where dj/d; = 0.31, Tj = 2150 °R. Figure 54 is for the M. = 0.71 condition and Figure 55 is for
M.. = 0.98. Base pressure ratio is shown as a function of the injection parameter I. As seen in
both figures, excellent agreement of theory and experiment is seen.

The second case considered is shown in Figure 56. This case again shows a comparison

of theory and experiment for M.. = 2.0, dj/d; = 0.2, and T; = 5400 °R. Results are shown only up
to values of I=.004. Good agreement of theory and experiment is seen.

137



NSWCDD/TR-01/108

15.36
7.81 !

<—328—>{<——317—+—351—»l le—3.51—]

CS-V4-1 Flare Stabilized Projectile Geometry
(all dimensions in calibers)
(one caliber=8.28 mm)

FIGURE 51. COMPARISON OF THEORY AND

EXPERIMENT FOR PITCH DAMPING MOMENT

COEFFICIENT OF CS-V4-1 CONFIGURATION

138

16.34
8.1 |
4—328—-[4—317—-{4—351—»{ f—4.49—
41.0
________________ e O
e : bﬂ[‘.miq[ﬂ‘ l6°

CS-V4-2 Flare Stabilized Projectile Geometry
(all dimensions in calibers)
(one caliber=8.28 mm)

-1000 |~

Cue

-500

Cu*

FIGURE 52. COMPARISON OF THEORY AND
EXPERIMENT FOR PITCH DAMPING MOMENT
COEFFICIENT OF CS-V4-2 CONFIGURATION



NSWCDD/TR-01/108
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FIGURE 53. COMPARISON OF THEORETICAL PREDICTIONS OF PITCH DAMPING
MOMENT COEFFICIENT FOR VARIOUS FLARE ANGLES (M. =4.4)
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FIGURE 54. COMPARISON OF THEORY AND EXPERIMENT FOR BASE PRESSURE RATIO
AT BASE BLEED CONDITIONS (M., = 0.71; dj/dr = 0.31; Tj = 2150 °R)
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FIGURE 56. COMPARISON OF THEORY AND EXPERIMENT FOR BASE PRESSURE RATIO
AT BASE BLEED CONDITIONS (M., = 2.0; dj/dr = 0.2; Tj = 5400 °R)

The final base bleed example is a practical example taken from Reference 125 where NS
calculations were performed on a cylindrical based afterbody at M. = 1.7 and 2.5 for values of
the mass injection parameter of 0 to 0.03. These NS results were then compared in
Reference 125 to the experimental data of Schilling'?%. The AP02 computations for this same
case at M. = 1.7 and 2.5 are compared to both the experimental results of Schilling'*® and CFD

results of Sahu'? in Figure 57. At M. = 1.7, the AP98 result for C,  at1= 0 is slightly higher

than either the Reference 125 or 126 results. The decrease in C, with increasing I is parallel to

the experiment and CFD up to values of I of about 0.02 to 0.025 for this room temperature case.
At M.. = 2.5, the APO2 agrees very well with the experimental data'?® and CFD'* predictions up
to values of 1=0.012 before the AP02 results depart from the more accurate theory or
experimental results. Again, since the practical range of interest for I is generally 0.01 or less,
this level of agreement with the data is viewed as being acceptable.

The first case to compare the present predictions of power-on base pressure are results
taken from Reference 104 and correlated by Brazzel as a function of the Jet Momentum Flux
parameter RMF. These results, shown in Figure 58, were for various jet to reference diameter
ratios at M. = M = 2.0. Also shown in Figure 58 are the predictions of the Brazzel method
(indicated by the AP98) for the low values of RMF computed from Equation (1) for various

values of RMF assuming v; = 1.4 and x; = 0. Since M; =2, T,/ T; =0.67 for Figure 58. Also

shown in Figure 58 are the results for the improved method to be part of the AP02. As seen in
Figure 58, both the Brazzel technique and the AP02 method predict base pressure slightly high
compared to the Reference 104 data. This means base drag would be slightly low compared to
the Reference 104 experimental data.

The next case considered is taken from Reference 127 and is for Mj = 2.5, M. = 1.94, and
dy/d; = 0.75. In addition to the experimental data of Reference 127, the data of Reference 102 is
also shown in Figure 59. The AP02 compares fairly well with the Reference 102 data at lower
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FIGURE 59. COMPARISON OF POWER-ON-BASE PRESSURE COEFFICIENT PREDICTION
WITH EXPERIMENT (Mj = 2.5, M.. = 1.94, dj/dr = 0.75)

values of Cr and is in between the Reference 102 and Reference 127 data for higher values of
Cr. Once again, the power-off base pressure coefficient is shown in Figure 59, illustrating that at
very low values of thrust coefficient, power-on increases base drag, whereas for higher values of
Cr, base drag is decreased.

Figure 60 illustrates results for jet exit Mach number of 3.5, where the other conditions
(M.. = 1.94, dy/d, = 0.75) are the same as those in Figure 59. Again, the APO2 is in agreement
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FIGURE 60. COMPARISON OF POWER-ON-BASE PRESSURE COEFFICIENT PREDICTION
WITH EXPERIMENT (M = 3.5, M.. = 1.94, dj/dr = 0.75)

with the Reference 102 data at low values of Cr and is in between the Reference 127 and
Reference 102 data for high values of Cr.

The next three examples are taken from the experimental database of Rubin.'”® Rubin
measured power-on base drag in the transonic speed regime for cylindrical, flare, and boattail
afterbodies at transonic Mach numbers. Figure 61 compares the semiempirical predictions to the
data of Rubin for the cylindrical afterbody at M.. = 0.9, 1.0, and 1.2. Experimental data was
based on M; = 2.7 and dj/dg = 0.8 and 0.45. A conical nozzle was used with 0; = 20 deg. The
agreement between the experiment and theory at all three Mach numbers is reasonable.
However, for M. = 0.9 and Cr < 4, the experimental data shows Py/P.. increasing. The present
theory will not predict the minimum base pressure ratio. This increase in Pg/P.. will continue as
Cr gets small until a maximum is reached at base bleed conditions, after which Pg/P. will
decrease to its power-off value.

Figure 62 presents the comparison of theory and experiment for the boattailed afterbody
case. Results for the same three freestream Mach numbers (M. = 0.9, 1.0, and 1.2) are shown in
the figure. The boattail angle is 6.35 deg and the boattail length is 0.82 caliber. Again,
reasonable agreement with experiment is seen except for M. = 0.9 and 1.0 and for low values of
Cr, where the minimum value of Pg/P. has been reached.

Figure 63 presents the comparison of theory and experiment for the flare afterbody case.
The flare angle is 6.54 deg and its length is 1.34 caliber. Good agreement between theory and
experiment is seen, except for M. = 0.9 and Cy < 6, where the base pressure is seen to start
increasing after a minimum has been reached.

The last case considered is a boattailed configuration taken from the data of Craft and
Brazzel.'” Theory and experiment are shown in Figure 64 for M. = 1.5 and 2.5. Again,
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FIGURE 64. COMPARISON OF POWER-ON-BASE PRESSURE PREDICTION WITH EXPERIMENT FOR
BOATTAILED AFTERBODY (Mj = 2.7, dj/dr = 0.45; 6] = 20 DEG)

M;=2.7, djd; = 0.45, 6; = 20 deg, O = 2.93 deg, and {g = 1.37 calibers. Very good agreement
of theory and experiment is obtained at M. = 1.5. However, for M., = 2.5 the theory is about 10

to 30 percent too high for Cy > 8. The reason for the overprediction is not clear. However, it is
suspected that the error is due to the Reference 102 data base being given more weight in the

development of the present empirical model than the Reference 101 data base.
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4.5  TRAILING-EDGE FLAP AERODYNAMICS

Equations (67) and (70) define the theoretical change in normal force and pitching
moment coefficients due to a flap deflection. The value of (ACN )f computed by the theory is
that value defined by

(aCy); =(Cn)s,, —(Cn sy (80A)

The value of 0w in Equation (80A) is obtained from Equation (66) using the process defined
earlier in the analysis section of this report. Using the values of 0w from Equation (66) in the

AP98, values of (Cy) and (Cy) of Equation (80A) can be computed and then (ACN)f

defined theoretically. This value of (AC )f can then be compared to experimental data where
(ACy); is obtained using experimental data for (Cy)s,_, and (Cy)s,_, - Thatis

5\V:O 5W=e0

(ACN )f = (CN )sf=o - (CN )af#) (80B)
Likewise, experimentally measured values of (AC,, )f can be defined as

(ACM )f = (CM )af=0 - (CM )sf,o @81

and compared to theoretical values computed from Equation (70). (ACN)f of Equation (70)
comes from the theoretical values defined by Equation (80A). Thus, comparison of (ACN)f

values obtained by Equations (80A) to (80B) and (ACM )f values obtained from Equations (70)
to Equation (81) will allow us to determine the validity and accuracy of the new theory.

The first set of data we will consider is from Reference 111. The configuration tested in
the wind tunnel is shown in Figure 33. Figures 65-67 compare theory and experiment for
(acy )f and (ACy, )f at 8¢ = -20 deg and Mach numbers 1.5, 2.96, and 4.63. Results are plotted
as a function of AOA up to 30 deg. For Mach number 1.5, experimental data was not available
up to 30 deg AOA, so data was shown where available. As seen in the figures, the theory does a
reasonable job in matching the data for both (ACN)f and(AC )y, )f , except at M. =4.63 and o >
20 deg. At these conditions, the theory somewhat overpredicts the normal force and pitching
moment increments. However, since this region is beyond the anticipated practical range of

usage (M. < 2.0, a < 20, | 8¢ < 30 deg), no effort will be made to try to improve upon the theory
at this condition.

Also shown on the (ACM)f portion of Figures 65-67 are the results of assuming the
center of pressure of the flap is based on the flap in freestream flow and with the flap attached to
the trailing edge. The flap attached to the trailing edge computations take into account the center
of pressure shift shown in Figure 38. Note that at M.. = 1.5, no shift is shown so the Figure 65
pitching moment results show no change between the flap alone and the flap attached. However,
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FIGURE 65. COMPARISON OF THEORY AND EXPERIMENT FOR NORMAL FORCE AND PITCHING
MOMENT COEFFICIENTS OF TRAILING EDGE FLAPS (M.. = 1.5, 8;= -20 DEG)

150



NSWCDD/TR-01/108

a (de o (de
10 (99 5 30 10 @(@89) o 30
0 T T T 0 1 T T
- ® o ~< (0]
z ® z ©
(@] (@)
a o—° 0 2 ©
-0.5 -05
10} Expm
® Exp" —— Theory
—— Theory’
-10 10 -
20 =
® Exp™ 2.0 ® Exp™
e —— Theory (X¢p, Flap Attached) - ~——— Theory (X5, Flap Attached)
5 — = Theory (Xcp, Flap Alone) g: — —- Theory (X¢p, Flap Alone)
2 <

10 (deg) 20 30 10 4 (deg) 20 30
FIGURE 66. COMPARISON OF THEORY AND FIGURE 67. COMPARISON OF THEORY AND
EXPERIMENT FOR NORMAL FORCE AND EXPERIMENT FOR NORMAL FORCE AND
PITCHING MOMENT COEFFICIENTS OF PITCHING MOMENT COEFFICIENTS OF
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Figures 66 and 67 show a change in pitching moment between flap alone and the flap attached.
As seen in Figures 66 and 67, using the Figure 38 results tend to show an improvement in
pitching moment calculations over assuming the flap alone.

It is also worthwhile to reemphasize the fact that all the theoretical calculations shown in
Figures 65-67 (as well as the figures which will follow) were computed by using the AP02 in
conjunction with Equation (66) as described in the Analysis Section of the report.

Reference 129 represents the only subsonic data base the author found in the literature.
The configuration tested is shown in Figure 34. The ogive of the Figure 34 configuration can be
either an elliptical or a circular cylinder tangent ogive. The case upon which the change in
pitching moments and normal force coefficients were determined was based on an elliptical nose.
However, since the data used was (ACy )f and (AC,, )f , it is expected the body shape will have

little impact since the same body shape is used for the 8¢ = 0 case as well as the & # 0 case.
Reference 129 has both positive and negative values of &¢ available. Unfortunately, M. = 0.4
was the highest freestream Mach number considered, and AOA to 30 deg were also included in
the test series.
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Figure 68 compares the theory and experiment for (ACN)f and (ACM)f where & is
negative for o to 30 deg. Note that excellent agreement for (ACy )f is obtained between theory
and experiment for both & = ~10 deg and -30 deg cases. Good agreement between theory and
experiment is obtained for (ACM)f for the 8¢ = -10 deg case up to o of about 20 to 25 deg,
where the theory and experiment start to depart. For 8¢ = -30 deg, comparison of theory and
experiment for (ACM)f is quite acceptable for o up to 20 deg. The trim AOA occurs at about
6 deg for 8= - 10 deg and at about 14.8 deg for 8;= -30 deg. In other words, good accuracy in
both (ACN)f and (ACM)f can be obtained up to and slightly beyond the trim AOA, which is
most critical. For & above the trim value, accuracy of (ACy )f and (AC,, )f 1s not as important;
therefore, no attempt was made to try to improve the theory for these conditions.

a (deg) 20 A

10

FIGURE 68. COMPARISON OF THEORY AND EXPERIMENT FOR NORMAL FORCE AND PITCHING
MOMENT COEFFICIENTS OF TRAILING EDGE FLAPS (M. = 0.4, 5; NEGATIVE)

Figure 69 gives the complimentary results to the Figure 68 case except here ¢ is positive.
While trim cannot occur due to the fact @ and &¢ are of the same sign and the configuration is tail
controlled, it is still of interest to see how well the theory compares to data for conditions where
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FIGURE 69. COMPARISON OF THEORY AND EXPERIMENT FOR NORMAL FORCE AND PITCHING
MOMENT COEFFICIENTS OF TRAILING EDGE FLAPS (M., = 0.4, ; POSITIVE)

trim is not possible. As seen in Figure 69, agreement between theory and experiment for both
(ACN)f and (AC), )f is quite good up to an « of about 15 deg. Above a of 15 deg, both

(ACM)f and (ACN)f deviate from experiment at most conditions. Again, since this is not a

practical set of conditions for trim, no effort has been made to improve (ACy )f and (ACy, )f for
a above 15 deg and O is positive.

Figure 70 compares the theory and experiment for axial force coefficient where the
trailing edge flap has been deflected 10 deg and -30 deg, respectively. The equivalent value of
dw corresponding to 8¢ = - 10 deg and -30 deg, respectively, is shown at the top of Figure 70 as
a function of freestream Mach number. Note that Ow is only a small fraction of 6;. The wing
area is 8.67 times that of the trailing edge flap. At the bottom of Figure 70 is the axial force
coefficient based on the AP02 calculations plus the value defined by Equation (71). Two cases
are shown for the theory: where the wind tunnel model has a boundary layer trip and where no
boundary layer trip is present. The Reynolds number for the tests was 2.5 x 10°. According to
Reference 111, a boundary layer trip was present. Based on comparison of theory and
experiment, it appears the boundary layer trip was effective in producing a turbulent boundary
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FIGURE 70. COMPARISON OF THEORY AND EXPERIMENT FOR AXJAL FORCE COEFFICIENT AT
VARIOUS VALUES OF FLAP DEFLECTION AND AS REPRESENTED BY AN EQUIVALENT
DEFLECTION OF ENTIRE WING AT o = 0 DEG (Ry/ft= 2.5 x 10%)

layer over the surface at the lower supersonic Mach numbers. However, at the higher supersonic
Mach numbers, it appears that the flow partially transitions back to laminar over much of the
body and large wing for the 6 = - 10 deg case. This relaminarization of the flow is speculated to
be the reason the theory with no boundary layer trip option agrees closer to the wind tunnel data
at high supersonic Mach number than does the theory which assumes turbulent flow over the
entire surface of the model at all Mach numbers. If the above hypothesis of relaminarization of
the flow is correct, the theory predicts the experimental data quite well. If this hypothesis is not
correct, then the theory is high for Mach numbers 3.0 and greater.

The Reference 129 data base also contained axial force data. Unfortunately, the base
drag term was subtracted, only one fin was deflected and the numbers for no fin deflection were
small and irregular. As a result, it was believed an accurate value of experimental data for the
axial force would be difficult to obtain; therefore, no comparisons of axial force coefficient will
be shown at subsonic Mach numbers.
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46  IMPROVED AXIAL FORCE FOR NONAXISYMMETRIC BODIES

While the improvement explicitly made to improve the aerodynamics of
nonaxisymmetric bodies was the wave drag component of the axial force coefficient, the
improvement in the nonlinear acrodynamic terms discussed in Section 4.1 could also have an
impact. Therefore, we will investigate three cases to see if the improvements made to the AP02
also show improvement in predicting aerodynamics of nonaxisymmetric bodies. The first case
considered is based on the data base of Jorgensen'® and the configurations tested are shown in
Figure 71.
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FIGURE 71. BODY ALONE CONFIGURATIONS'® WITH ELLIPTICAL, SQUARE,
DIAMOND, TRIANGULAR, AND INVERTED TRIANGULAR SHAPES

Included in the Figure 71 configurations are two circular bodies, 1.4 inch in diameter,
with 3.0-caliber tangent ogive noses, and either a 7.0-caliber or 3.0-caliber cylindrical afterbody,
giving 1/d (length/diameter) ratios of 10 and 6. The critical Reynolds number parameters were

adjusted using these bodies, and optimal settings were found to be Ry ¢ = 330000 and AM =

-0.2. The noncircular bodies in the data set are squares, diamonds (squares at a 45 deg roll
position), triangles, inverted triangles (triangles at a 60 deg roll position), and ellipses with axis
ratios of 2:1, 1.5:1, 0.67:1 (1.5:1 at 90 deg roll), and 0.5:1 (2:1 at 90 deg roll). All bodies have
the same cross sectional area as the circle, and the distribution of that area along the longitudinal
axis is the same as for the circle. The squares, diamonds, triangles, and inverted triangles have
very small corner radii and were assumed to have a value of k equal to 0. All noncircular bodies
are identical in length to the I/d = 10 circular cylinder except for a 2:1 ellipse and a 0.5:1 ellipse,
which have the same length as the 1/d = 6 cylinder. Mach numbers were 1.98 and 3.88.
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Figures 72A through 72C show the results of the AP02 computations for lift coefficient,
lift to drag ratio, and center of pressure location (referenced to the nose tip in this and all future
cases) compared to the experimental data for the I/d = 10 ellipses at M = 1.98. The circular body
results are shown in each figure for reference. In most cases, the lift coefficient comparisons,
found in Figure 72A, are quite good, with the computed values tending to be somewhat low at
the higher angles of attack. This is especially true of the 0.5:1 axis ratio case. Since the circular
body values tend to be lower than the data in this region, this trend is not surprising. The
noncircular computations rely on the circular results as a starting point and are thus influenced
by their behavior. The lift to drag ratios and the center of pressure locations for the 2:1 ellipse,
found in Figures 72B and 72C, respectively, are in very good agreement with experimental data.
These comparisons for the 0.5:1 ellipse, while not as good as for the 2:1 ellipse, are within the
accuracy limits of the code. Figures 73A through 73C show the same comparisons for the 2:1
and the 0.5:1 ellipse at M = 3.88. For the lift coefficients, found in Figure 73A, the 0.5:1 ellipse
compares with data well, but the 2:1 ellipse tends to be high at & = 10 and above. As can be seen
from the circular body results shown on the same plot, this is to some degree a carryover effect.
The lift to drag ratios and the center of pressure comparisons are shown in Figures 73B and 73C.
The lift to drag ratios are in reasonable agreement with the wind tunnel results with the greatest
discrepancies coming for the 0.5:1 ellipse. The center of pressure locations agree well with
experiment in all instances. It should be pointed out that the drag of Figures 72B and 73B does
not contain the base drag term, thereby somewhat falsely increasing all the lift to drag ratios.

Figure 74A - 74C show the lift coefficient, lift to drag ratio, and center of pressure
comparisons for the squares and diamonds at M = 1.98. Once again, the circular body values are
shown for reference. For lift coefficient, found in Figure 74A, the square results are quite good,
being just a little high at the higher angles of attack. The diamond values tend to follow the same
pattern as the ellipses, being low above o = 12 deg. The lift to drag ratios are shown in
Figure 74B and are in very good agreement with the wind tunnel results. The center of pressure
locations are presented in Figure 74C and are well within the accuracy limits of the code. The
results for these cross sections at M = 3.88 are presented in Figures 75A - 75C. In this case, the
lift coefficient results in Figure 75A are seen to be high for both cross sections. A comparison to
the circular body results, which are also shown, indicates that they are in large part following the
established trend. A look at Figure 75B shows that the code does well predicting lift to drag
ratio for these conditions with the exception of a few low « instances. It should be noted that
with angles of attack of 2 or 4 deg, it can be difficult to measure drag accurately in the wind
tunnel, so some disagreement in this region could be attributed to experimental uncertainty. The
center of pressure results, shown in Figure 75C, agree well with the experimental data.

Results for the triangles and inverted triangles at M = 1.98 are shown in Figures 76A -
76C. Overall, the lift coefficient comparisons, presented in Figure 76A, are not as good as for the
other body cross sections, with most values being too low. This is partially a reflection of the
circular body results, but also indicates some uncertainty in the modeling of triangles and
inverted triangles because of a scarcity of data. On the other hand, the lift-to-drag and center-of-
pressure results shown in Figures 76B and 76C are in very good agreement with the wind tunnel
results. The M = 3.88 comparisons for these cross sections are shown in Figures 77A - 77C.
Here, the lift coefficient values, found in Figure 77A, tend to be somewhat high above « = 8 deg,
but this is in agreement with the circular body results. The lift-to-drag ratio comparisons in
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Figure 77B are fairly good, with some discrepancies at lower «, especially for the circle. As
mentioned before, this situation could be attributed to the difficulty of measuring drag at low
angles of attack. The center of pressure results in Figure 77C compare favorably with the wind
tunnel measurements for triangles, but are slightly outside the accepted range for inverted
triangles. If it is assumed that the AP02 will be allowed slightly more leeway in modeling
noncircular bodies, then these results are certainly acceptable.

The AP98 results are not shown in Figures 72-77 for clarity. However, in comparing the
AP98 results from Reference 55 with those of the AP02 shown in Figures 72-77, it was seen that
the AP02 gave some slight improvement in predictions over the AP98. These improvements are
probably due to the improved nonlinear aerodynamics methodology discussed in Section 4.1.

The second case considered is also a data base by Jorgensen''’. He tested circular and
elliptical bodies with high aspect ratio wings and tails at Mach numbers 0.6 to 2.0. The elliptical
cross section shapes are illustrated in Figure 78.

Each configuration of Figure 78 has a 2:1 elliptical body. One has a large wing mounted
near mid-body and the other has the same wing but, in addition, a vertical-horizontal tail
assembly mounted at the rear of the body. The wind tunnel tests were conducted at Mach
numbers of 0.6 and 2.0 with corresponding Reynolds numbers based on equivalent body

diameter of 430000 and 380000. For the AP02 computations, Ry, was set to 330000 and

AMy. to -0.1. The comparisons for the normal force coefficients for the wing-body

configuration are shown for both Mach numbers in Figure 79A and for the wing-body-tail
configuration in Figure 80A. In both cases, the agreement is very good. Center of pressure
predictions for these two configurations are shown in Figures 79B and 80B. As for the normal
force coefficients, agreement with experimental data is very good. Also, the AP02 and AP98
results (although not shown for clarity) are almost identical for this case.

The final configuration considered is the recent data base at the Aeroballistic Research
Facility at Eglin Air Force Base described in Reference 78. The configurations tested are shown
in Figure 26. Zero lift axial force coefficient comparisons of the AP02 and experimental data
were given in Figures 27-30. The square body results of Reference 78 are chosen as a
comparison of the AP02 computations. Normal force and pitching moment coefficient
derivatives, along with pitch damping, are selected from the Reference 78 data set. The AP02
square body results with fins at ® = 45 deg roll orientation and the AP02 diamond body with the
fins at @ = 0 roll are compared to the ARF results. The ARF results are when the body is
allowed to roll freely so an average of the square and diamond configurations will be obtained.
However, the AP02 computations for these two configurations will be slightly different. Results
of the AP02 computations compared to experiment are shown in Figure 81. The AP02 results

for Cy, compare quite nicely to the range data. Theoretical predictions of pitching and pitch
damping moments are slightly high, particularly at supersonic speeds.
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In general, the APO2 predictions for aerodynamics of nonaxisymmetric bodies are as
good as or slightly better than those of the AP98. In general, the aerodynamic predictions of the
APO2 for nonaxisymmetric bodies is not quite as good as axisymmetric bodies. This is as
expected, due to approximating the nonaxisymmetric body by an equivalent axisymmetric body.

47  TRAJECTORY EXAMPLES

Two examples will be chosen to illustrate the new capability that will be part of the AP02
to not only compute aerodynamics, but to predict range as well. The first case will be a ballistic
round typical of an unguided projectile. The second case will be a fin stabilized round that will
utilize the trim performance model to predict range.

4.7.1 Ballistic Example

Figure 82A shows the configuration that will be considered for range computations. It is
a 5 inch diameter round, 26 inches in length with a 3 caliber tangent ogive nose. The nose has a
meplat diameter of 0.5 inches, typical of most fuze designs. The round also has a 1 caliber
boattail with a 7 deg boattail angle. The Figure 82A configuration is assumed to weigh 65 Ib and
to have an initial velocity of 3000 ft/sec. We will first consider the range of this configuration
when launched at an elevation angle of 50 deg. The free flight boundary layer option will be
used for the aerodynamic computations since we are computing range.

lt 15.0 >{< 6.0 >I~ 5.0 —>
0.5 I
__L. 50
} 7°
S
Tangent Ogive f

FIGURE 82A. TYPICAL SPIN STABILIZED PROJECTILE (DIMENSIONS IN INCHES)

Figure 82B shows the axial force coefficient versus Mach number for an AOA 1 deg.
Figures 82C - 82E show some of the many plots available in the AP02 interface. Figure 82C
gives the altitude versus range, Figure 82D provides the Mach number versus time of flight, and
Figure 82E gives the drag coefficient versus time of flight. Notice the round travels just under
90,000 ft (29,967 yards to be exact), with about 75 percent of the flight time between M.. of 1.2
and 0.9.
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To illustrate a typical design application of the new trajectory package that has been
integrated with the aerodynamics module of the AP02, consider the following. We would like to
compare a secant ogive to the tangent ogive of the Figure 82A nose for possible range
improvement. We would then like to determine the elevation angle for maximum range with the
best secant ogive nose shape. Figure 83A compares the range of the secant ogive versus the
radius of curvative of the ogive. Figure 83A assumes the same initial conditions as those used
for Figure 82A (W = 65 1b, IV = 3000 ft/sec, QE = 50 deg). Figure 83A shows the maximum
range is obtained for a radius of curvature of 120 inches. On the other hand, if one wants slightly
more volume with little range penalty, a radius of curvature of 80 to 120 inches could be
selected. Also noteworthy is the fact that the 120 inches radius of curvature secant ogive gives a
1971 yard range increase over the tangent ogive shape of Figure 82A (31938 versus 29967).
This amounts to a 6.6 percent range increase, which is quite substantial just by changing the
ogive type. Figure 83B gives the range for various elevation angles using the optimum radius of
curvature of 120 inches for the Figure 82A case where the tangent ogive is replaced by a secant
ogive. Note from Figure 83B, the maximum range is obtained at a QE of 52 deg. The maximum
range obtained is 31,999 yards.

Figures 82 and 83 are just one example of a design tradeoff and elevation angle study.
Other design studies could also be conducted. A few of these would examine other ogive shapes
for minimum drag and maximum range, boattail length versus range, nose tip shape (sharp,
blunt, or truncated) versus range, or nose tip bluntness ratio versus range just to name a few.
Any of these design studies can now be performed by a single person in a matter of a few hours
using the AP02.
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4.7.2 Trim Performance Model Example

The second example to be illustrated using the new trajectory models uses the trim
performance model. The configuration chosen is a simple body tail with a 3 caliber secant ogive
(see Figure 84). The tail has an aspect ratio of 0.67. The parameters used in the trajectory
analysis are provided in Table 39. Table 39A is for a configuration that has a 40 percent
propellant to total weight ratio, whereas Table 39B is for a 50 percent propellant to total weight
ratio. The initial thrust to weight ratio for both options in Table 39 is 7.4. Table 39A allows for
a burn time of 10 sec whereas Table 39B has a burn time of 12.5 sec due to the 25 percent larger
mass of propellant. Both Tables 39A and 39B assume a maximum tail fin deflection of +30 deg,
have a structural limit of 60 g’s, and are launched from a surface launcher with an exit velocity
of 100 ft/sec at an elevation angle of 45 deg. Figure 85 illustrates the results of flying the Figure
84 configuration using Table 39A parameters in a purely ballistic mode. As seen in the figure, a
maximum Mach number of about 2.5 is obtained as the engine burns out after 10 sec. The
vehicle attains an altitude of about 20,000 ft and a range of about 100,000 ft using the set of
conditions in Table 39A and the drag curve provided internally within the AP02.

10.0 >

A

|<—1.0->

3.0 ;I _“l 5 1T0
v
8.0 N\

FIGURE 84. BODY-TAIL MISSILE CONCEPT USED IN TRAJECTORY ANALYSIS
(ALL DIMENSIONS IN FT)

A

Figure 86 then takes the very same conditions for Figure 85 except a guidance mode is
selected in the trim model that allows the vehicle to fly a maximum lift to drag ratio trajectory.
For this case, the minimum Mach number is lower than Figure 85A due to the fin deflection and
AOA. However, the altitude is slightly higher and a range increase to 125,000 ft is realized due
to the maximum L/D trajectory.

The final option is shown in Figure 87. This case is also for a maximum L/D trajectory,
except the parameters of Table 39B are used to fly the Figure 84 configuration. Notice that a
25 percent increase in propellant produces a 40 percent increase in maximum Mach number
(Figure 87A compared to Figure 86A) and a 45 percent increase in maximum range (Figure 87B
compared to Figure 86B).
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TABLE 39. PARAMETERS USED IN TRAJECTORY ANALYSIS FOR FIGURE 84 CONFIGURATION

A. 600 Ib Propellant

B. 750 Ib Propellant

Wo=1500LB Wo=1500LB
Wpgo=900LB Wgpo=750LB

tgo = 10 sec tgo = 12.5 sec
CG=55ftatt=0 CG=551ftatt=0

CG=5.0ftatt> 10 sec

CG=4.83ftatt> 12.5sec

T;=11100 Ib for 10 sec

T;=11100 Ib for 12.5 sec

T,=0fort> 10 sec

T,=0fort>12.5 sec

Omax = + 30 deg Omax = + 30 deg
g limit=60 g’s g limit=60 g’s
IV =100 ft/sec IV =100 ft/sec
QE =45 deg QE =45 deg

Figures 85 - 87 illustrate just one application of the trim performance model. One could
examine variations in thrust, weight, center of gravity, or various other configuration design
options very easily using the AP02 with a single person as opposed to the AP98 and all prior
versions requiring an illustration process with two people. Other design options include various
guidance modes including proportional navigation, explicit and a user defined option as well.
Initial launch conditions are allowed from a surface or air vehicle and target parameters can be

fairly general as well.

In summary, the new ballistic and trim performance models that will be part of the AP02
will allow the user to rapidly determine the effect of a given airframe or weapon system
parameter on the overall performance of the vehicle. This new model will save many hours and
many dollars through the provided productivity improvements.

171



NSWCDD/TR-01/108

5.0 SUMMARY

In summary, new technology has been developed that will allow the APC to treat
weapons in a more robust and accurate manner in the aerodynamic calculation process. The
latest version of the APC will be referred to as the AP02. Some of these new technologies
include the capability to consider configurations with 6 and 8 fins in addition to the present (2
and 4 fin options), improved nonlinear aerodynamics for higher AOA, improved dynamic
derivatives with particular emphasis on pitch damping, improved power-on base drag prediction
for rockets, a new base bleed capability for projectiles, improved axial force prediction of
nonaxisymmetric bodies, and new technology that allows trailing edge flap aerodynamics to be
calculated. In addition to the new aerodynamics technology developed, several other
improvements and productivity enhancements have been integrated into the APC. These include
an aerodynamic smoother for the aerodynamics, ballistic and 3 DOF trajectory models, many
additional plots in the post processor for APC output, alternative reference length and area
options in the pre-processor for the APC inputs. Many of the new technologies integrated into
the AP98 which form the APO2 were driven by advanced projectile concepts.

In comparing the new technology to predict the nonlinear aerodynamics to both the AP98
and experimental data, it was seen that the AP02 reduces the average AP98 normal force
coefficient prediction errors by about 25 percent. Both the AP98 and APO2 give average normal
force and axial force errors within the =10 percent goal of the APC. Some slight improvement in
axial force, pitching moment, and center of pressure predictions were also seen using the AP02,
but were not quantified.

In comparing the new multi-fin aerodynamic prediction capability of the AP02 and
experimental data on a limited number of cases, it was seen that acceptable accuracy was
obtained for static and dynamic aerodynamic coefficients. Additional multi-fin data would be
desirable, particularly for 8 fin cases, in order to allow additional validation of the multi-fin
capability.

The pitch damping improvements added to the APC code were seen to improve the pitch
damping moment coefficient derivative accuracy compared to experiment for body-alone and
bodies with flares. While not shown, the body-alone improvements will also improve the
predictions of pitch damping for wing-body or body-tail cases as well.

The modified engine on base pressure prediction was seen to be as accurate or slightly
more accurate than the AP98 predictions, while being much more robust in terms of input
options. The new base bleed capability was seen to compare well to a range of experimental data
for both cold and hot exhaust data.
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Comparison of normal force, pitching moment, and axial force coefficients of the AP02
trailing-edge flap predictions to limited experimental data showed predictions to give acceptable
accuracy. However, additional data for validation purposes would be desirable.

The aerodynamics of nonaxisymmetric bodies are seen to be slightly improved using the
APO02 compared to the AP98. These improvements in aerodynamic prediction accuracy are due
to the improvements added for axial force coefficient and the improved nonlinear acrodynamics
discussed earlier. ’

Finally, the ballistic and 3 DOF trajectory options available as part of the APC were seen
to improve cost effectiveness of aerodynamic design as well as performance assessment of
conceptual design tradeoffs. The cost reductions were due to the single person, versus two
people with the AP98, being able to make design changes and examine the effect of the design
changes on performance in a very rapid manner.

In general, it is believed the APO2 is by far the most robust, as well as the most accurate,
of all prior versions of the APC. As such, the APO2 will be a significant capability for engineers
in the conceptual and preliminary design phase of weapon development. The AP02 will also
find use among personnel involved in numerical code calculations, since the AP02 will
approximate total aerodynamics one should expect from the numerical code.
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APC

AP72, AP74, AP77,
AP81, AP93, AP9S,
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CFD
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LT
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SB, SBT
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Ap

ARgF
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Aw
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7.0 SYMBOLS AND DEFINITIONS

Angle of Attack
Aeroprediction Code

Various versions of the APC and the year produced

Aspect Ratio = b¥/Ay

Computational Fluid Dynamics

Degrees of freedom

Linear Theory

National Aeronautics and Space Administration/Langley Research Center
Naval Surface Warfare Center, Dahlgren Division

Slender Body, Slender-body Theory

Second-Order-Shock-Expansion and Second-Order-Van Dyke

Cross-sectional area of circular cylinder equal to that of body with
noncircular cross section

Planform area of the body in the crossflow plane (ft?)

Reference area (maximum cross-sectional area of body, if a body is
present, or planform area of wing, if wing along)(ft*)

Area of rocket motor nozzle throat cross-section
Planform area of wing in crossflow plane (ft®)

Semimajor and semiminor axis, respectively, of ellipse
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Ca

CAB ’CAF ’CAw

Ca

(o}

CASF

(ac, ), (aCy);

(ACy )¢

Cq

Cob

Cir
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Conditions at body base
Wing span (not including body)(ft)
Conditions in rocket motor chamber

Axial force coefficient

Base, skin-friction, and wave components, respectively, of axial force
coefficient

Axial force coefficient at 0 deg AOA
Axial force coefficient of a single fin

Change in axial, normal and pitching moment coefficients, respectively,
due to a flap deflection O¢

Crossflow drag coefficient

Drag coefficient
Circumference of body (ft)
Lift coefficient .

Roll moment coefficient

Roll damping moment coefficient

Pitching moment coefficient (based on reference area and body diameter,
if body present, or mean aerodynamic chord, if wing alone)

Pitching moment coefficient of flare
Linear component of pitching moment coefficient
Nonlinear component of pitching moment coefficient

Pitch damping moment coefficient
[Cr(@)/(@d/2v, )+ Cy (@)/(ad/2V,,)]
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Cn
CNB
CNB(V)
CNB(W)’CNB(T)

Cxn;

Cwie) One)

Cx

o

Cp

c, sq, tr

Cr

Tw I

Cr
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Normal force coefficient

Normal force coefficient of body alone
Negative afterbody normal-force coefficient due to canard or wing-shed

vortices
Normal-force coefficient on body in presence of wing or tail

Normal force coefficient of flare

Linear component of normal-force coefficient

Nonlinear component of normal-force coefficient

Normal force coefficient slope of wing, tail, flare, or cone, respectively

Negative normal-force coefficient component on tail due to wing or

canard-shed vortex

Normal force coefficient of wing alone
Normal-force coefficient of wing or fin in presence of body

Normal-force coefficient derivative

Pressure coefficient _p—p_.,,2
1/2p. VS

Base pressure coefficient

Circle, square, triangle
Rood chord (ft)

Root chord of wing and flap, respectively (ft)

Thrust coefficient

Tip chord (ft)
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dref

do do

deg

Fe, Fg

]
k. ki

Ksw), Kg(m)

kgwy, ks

[Kew)lmmv

Kwe), K1@)

kwe), k1@)

AK
[AKw@)le=0
and
[AKgw)le=0
07 Qn: Qa, aBa Qf

ﬂref
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Drag (Ib)

Reference body diameter (ft)

Rate at which Kwg, or Kgw, decreases

Degree(s) '

Empirical factors used to represent aerodynamics of 6 and 8 fins based on
4 fin aerodynamics

Acceleration due to gravity (32.2 f/secz)
Nondimensional base bleed injection parameter
Tail interference factor

Conditions at nozzle exit

Parameters used to define corner radius for squares and triangles
(k =1/Wy; ky = /W)

Ratio of additional body normal-force coefficient in presence of wing, or
tail to wing, or tail alone normal-force coefficient at 8 = 0 deg

Ratio of additional body normal-force coefficient due to presence of wing
or tail at a control deflection to that of wing or tail alone at &z = 0 deg

Minimum value of Kgw, as percent of slender-body theory value

Ratio of normal-force coefficient of wing or tail in presence of body to
that of wing or tail alone at 6 =0 deg

Ratio of wing or tail normal-force coefficient in presence of body due to a
control deflection to that of wing or tail alone at & = 0 deg

Nonlinear component of wing-body or body-wing interference

Amount that the experimental values of Kw) and Kgw, exceed slender
body theory at o = 0 deg

Total, nose, afterbody, and boattail or flare length, respectively (ft)

Reference length (ft)
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My
Mw
NC

Nt

Tegs deg

RMF
T

Ry

T

I'w, I, IC

(2]
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Cotangent of leading edge sweep angle; also mass when used in equations
of motion

Mass rate of flow (pAV)

Mach number normal to body = M.. sin o
Freestream Mach number

Noncircular

Normal force of trailing edge flap (Ib)
Pressure (Ib/ft’)

Dynamic pressure (Ib/ft?)

Local body radius (ft)

Radius and diameter, respectively, of a circular cross-section body which
has same cross-sectional area as that of noncircular cross-section body

Jet momentum flux ratio

Corner radius of a rounded corner on square or triangle

Reynolds number where flow transitions from laminar to turbulent
conditions

Radius of body at wing, tail, or canard locations

Wing or tail semispan plus the body radius in wing-body lift methodology
Temperature (°R) or thrust (1bs)

Velocity (ft/sec)

Freestream velocity (ft/sec)

Velocity normal to body

Velocity at time t (ft/sec)

Length of one side of a triangle or square

Wind velocity in X, y, and z directions (ft/sec)
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Wi

Xce, Xc, Xt

Xcp

(Xcp)L, (Xep)ne
XiE

X,V,Z

X,V,Z

XT

Xt

Xo

Oc

Op

oM
TR

Ow, 0T

01, O

Os

6W7 6T
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Maximum diameter of a triangle or square as measured normal to the
velocity vector

Distance to center of gravity, canard, or tail leading edge, respectively (ft)

Center of pressure (in feet or calibers from some reference point that can

‘be specified) in x direction

Center of pressure of linear and nonlinear terms of normal force
Distance from nose tip to leading edge of canard or wing
Velocity in x, y, and z directions (ft/sec)

Acceleration in X, y, and z directions (ft/sec)

Range at termination of flight

Range at time t

Reference location

Angle of attack (deg)

Angle of attack where wing-body interference factor starts decreasing
(deg)

Angle of attack where the wing-body interference factor reaches a
minimum (deg)

Angle of attack where Kw g, reaches a constant value
Trim angle of attack (deg)

Local angle of attack of wing or tail (aw + 0 or ar + 8, respectively, in
degrees)

Angles of attack used in nonlinear model for Kgw)

Ratio of specific heats

Control deflection (deg), positive leading edge up

Control deflection (deg) of trailing edge flap, positive trailing edge down

Deflection of wing or tail surfaces (deg), positive leading edge up
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Mo

Ae

Or

O

Superscript

*
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Parameter used in viscous crossflow theory for nonlinear body normal
force (in this context, it is the normal force of a circular cylinder of given
length-to-diameter ratio to that of a cylinder of infinite length)

Value of nat My =0

Density (slugs/ft)

Roll position of missile fins (® = 0 deg corresponds to fins in the plus (+)
orientation. @ = 45 deg corresponds to fins rolled to the cross (X)
orientation).

Earths rotational speed (rad/sec)

Leading edge sweepback angle of fin (deg)

Taper ratio of a lifting surface = c/c,

Roll position of point on body with ¢ = 0 deg being the leeward plane
Local surface slope of body with respect to body axis

Flare angle (deg)

Latitude at firing point (deg)

Line of fire (deg)

Freestream conditions

Indicates conditions where M = 1.0
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4001 NORTH FAIRFAX DRIVE STE 800

ARLINGTON VA 22209

ATTN DR KIRIT PATEL
SVERDRUP TECHNOLOGY INC
TEAS GROUP

BLDG 260 P O BOX 1935

EGLIN AFB FL 32542
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ATTN FRANK LANGHAM 1 ATTN NANCY SWINFORD 1
MICRO CRAFT TECHNOLOGY LOCKHEED MARTIN MISSILES AND
740 4TH ST SPACE CO
MS 6001 P O BOX 3504

ARNOLD AFB TN 37389

ATTN LAURA AYERS
DELTA RESEARCH INC
315 WYNN DRIVE
SUITE 1

HUNTSVILLE AL 35805

ATTN BRIAN BENNETT
MCDONNELL DOUGLAS

MC 064 2905

P O BOX 516

ST LOUIS MO 63166-0516

ATTN THOMAS FARISS
LOCKHEED SANDERS

P O BOX 868

MER?24 1206

NASHUA NH 03061-0868

ATTN JEFFREY HUTH

KAMAN SCIENCES CORPORATION
2560 HUNTINGTON AVE
ALEXANDRIA VA 22303

ATTN WILLIAM JOLLY
KAMAN SCIENCES

600 BLVD SOUTH SUITE 208
HUNTSVILLE AL 35802

ATTN STEPHEN MALLETTE
KBM ENTERPRISES

15980 CHANEY THOMPSON RD
HUNTSVILLE AL 35803

ATTN DONALD MOORE

NICHOLS RESEARCH CORPORATION

4040 SOUTH MEMORIAL PARKWAY
P O BOX 400002

MS 920C

HUNTSVILLE AL 35815-1502

®)

ORG E5-40 BLDG 1575E
SUNNYVALE CA 94088-3504

ATTN DAVID RESSLER

TRW BALLISTIC MISSILES DIV
MS 953 2420

P OBOX 1310

SAN BERNARDINO CA 92402

ATTN LEROY M HAIR
COLEMAN RESEARCH CORP
6820 MOQUIN DRIVE
HUNTSVILLE AL 35806

ATTN SCOTT ALLEN
ALLEN AERO RESEARCH
431 E SUNNY HILLS RD
FULLERTON CA 92635

ATTN DARRYL HALL
SAIC

1100 FIRST AVENUE

SUITE 300

KING OF PRUSSIA PA 19406

ATTN BARRY LINDBLOM

ALLIANT DEFENSE ELECTRONICS
SYSTEMS INC

P O BOX 4648

CLEARWATER FL 34618

ATTN DR SHIN CHEN
THE AEROSPACE CORP
M4 964

P O BOX 92957

LOS ANGELES CA 90009

ATTN EUGENE HART
SYSTEM PLANNING CORP
1000 WILSON BLVD
ARLINGTON VA 22209-2957
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ATTN ELAINE POLHEMUS

ROCKWELL AUTONETICS & MISSILE
SYSTEMS DIVISION

D611 DL21 _

1800 SATELLITE BLVD

DULUTH GA 30136

ATTN MICHAEL GLENN
TASC

1992 LEWIS TURNER BLVD
FT WALTON BEACH FL 32547

ATTIN STEVEN MARTIN

SYSTEMS ENGINEERING GROUP INC
9841 BROKEN LAND PARKWAY
SUITE 214

COLUMBIA MD 21046-1120

ATTN CW GIBKE

LOCKHEED MARTIN VOUGHT SYSTEMS
MS SP 72

P O BOX 650003

DALLAS TX 75265-0003

ATTN CHRIS HUGHES

EDO GOVERNMENT SYSTEMS DIV
1500 NEW HORIZONS BLVD
AMITYVILLENY 11701-1130

ATTN DANIEL LESIEUTRE -
NIELSEN ENGINEERING & RES INC
526 CLYDE AVENUE

MOUNTAIN VIEW CA 94043-2212

ATTN THOMAS LOPEZ
COLEMAN RESEARCH CORP
990 EXPLORER BLVD
HUNTSVILLE AL 35806

ATTN JENNIE FOX

LOCKHEED MARTIN VOUGHT SYSTEMS
P O BOX 650003

MS EM 55

DALLAS TX 75265-0003

ATTN JOHN BURKHALTER
AUBURN UNIVERSITY

211 AEROSPACE ENGR BLDG
AUBURN UNIVERSITY AL 36849

Copies
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ATTN DR MAXPLATZER

NAVAL POSTGRADUATE SCHOOL

DEPT OF AERONAUTICS &
ASTRONAUTICS

CODE AA PL

MONTEREY CA 93943

ATTN MIKE DANGELO

MIT LINCOLN LABORATORY

1745 JEFFERSON DAVIS HWY 1100
ARLINGTON VA 22202

ATTN RICHARD HAMMER

JOHNS HOPKINS APPLIED PHYSICS LAB
JOHNS HOPKINS ROAD

LAUREL MD 20723-6099

ATTN STEVE MULLINS

Copies

SIMULATION AND ENGINEERING CO INC

4935 CENTURY ST NW
HUNTSVILLE AL 35816-1901

ATTN ROBERT BRAENDLEIU
KAISER MARQUARDT

16555 SATICOY ST

VAN NUYS CA 91406-1739

ATTN LAWRENCE FINK

BOEING AIRCRAFT AND MISSILES
P OBOX 3707 MC 4A 36

SEATTLE WA 98124-2207

ATTN ROY KLINE

KLINE ENGINEERING CO INC
27 FREDON GREENDELL RD
NEWTON NJ 07860-5213

ATTN THOMAS KLAUSE
TRW

P O BOX 80810
ALBUQUERQUE NM 87198

ATTN DANPLATUS

THE AEROSPACE CORPORATION
P O BOX 92957

LOS ANGELES CA 90009



NSWCDD/TR-01/108

DISTRIBUTION (Continued)

Copies Copies

ATTN DR REX CHAMBERLAIN
TETRA RESEARCH CORPORATION
2610 SPICEWOOD TR

HUNTSVILLE AL 35811-2604

ATTN PERRY PETERSEN
NORTHROP GRUMMAN CORP
DEPT 9B51 MAIL ZONE XA

8900 EAST WASHINGTON BLVD
PICO RIVERA CA 90660-3783

ATTN DR JAMES HAUSER
AERO SPECTRA INC

2850 KENYON CIRCLE

P O BOX 3006

BOULDER CO 80307

ATTN DARRELL AUSHERMAN
TRW SPACE AND DEFENSE

ONE SPACE PARK

MAIL STATION R1-1062
REDONDO BEACH CA 90278-1071

ATTN JAY EBERSOHL
ADVATECH PACIFIC INC
2015 PARK AVENUE SUITE 8
REDLANDS CA 92373

ATTN PAUL WILDE
ACTAINC

2790 SKYPARK DR SUITE 310
TORRANCE CA 90505-5345

ATTN DR MICHAEL HOLDEN
CALSPAN UB RESEARCH CENTER
P O BOX 400

BUFFALO NY 14225

ATTN RICHARD GRABOW
SPACE VECTOR CORP

17330 BROOKHURST ST SUITE 150
FOUNTAIN VALLEY CA 92708

ATTN BRENT APPLEBY
DRAPER LABORATORY

555 TECHNOLOGY SQ MS77
CAMBRIDGE MA 02139

1
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ATTN JAMES JONES

SPARTA INC

1901 N FORT MYER DR SUITE 600
ARLINGTON VA 22209

ATTN SCOTT HOUSER
PHOENIX INTEGRATION

1872 PRATT DRIVE SUITE 1835
BLACKSBURG VA 24060

ATIN S ROM MURTY

TELEDYNE BROWN ENGINEERING
MS 200

300 SPARKMAN DRIVE
HUNTSVILLE AL 35807

ATTN STUART COULTER
SVERDRUP TECHNOLOGY
673 2ND ST MS4001
ARNOLD AIR FORCE BASE
TULLAHOMA TN 37389-4001

ATTN DR RICHARD HOWARD

NAVAL POSTGRADUATE SCHOOL

DEPT OF AERONAUTICS AND
ASTRONAUTICS

CODE AA HO NPS

MONTEREY CA 93943

ATTN JBRENT RUMINE
MIT LINCOLN LABORATORY
244 WOOD STREET
BUILDING S ROOM 52-327
LEXINGTON MA 02173-9185

ATTN ANDY MOORE
SVERFRUP TECHNOLOGY INC
AEDC GROUP

740 FOURTH ST

MS 6001

ARNOLD AFB TN 37389-6001

ATTN MICHAEL A GLENN
TASC
1992 LEWIS TURNER BLVD

FORT WALTON BEACH FL 32547-1255
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ATTN CARLOS RUIZ (MP 135)

LOCKHEED MARTIN ELECTRONICS
AND MISSILES

5600 SAND LAKE RD

ORLANDO FL 32819-8907

ATTN ERIC GRABOW

SPACE VECTOR CORPORATION
9223 DEERING AAVE
CHATSWORTH CA 91311

ATIN SRMURTY

TELEDYNE BROWN ENGINEERING
MS 200

300 SPARKMAN DRIVE
HUNTSVILLE AL 35807

ATTN STEVE JOHNSON
DELTA RESEARCH INC
315 WYNN DR SUITE 1
HUNTSVILLE AL 35805

ATTN EDWARD ZABRENSKY
TRW

MAIL CODE SBCA 971

P OBOX 1310

SAN BERNARDINO CA 92402

ATTN CARMEN J PEZZONE JR
SYSTEMS ENGINEERING GROUP INC
9861 BROKEN LAND PARKWAY
SUITE 350

COLUMBIA MD 21046

ATTN GORDON S SCHMIDT

LOCKHEED MARTIN TACTICAL
DEFENSE SYSTEMS

1210 MASSILLON RD

AKRON OH 44315-0001

ATTN DANIEL B CORBETT
DELTA RESEARCH INC

315 WYNN DR SUITE 1
HUNTSVILLE AL 35805

Copies
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ATTN JAMES W JOBE
THE BOEING COMPANY

BOEING INFORMATION DEFENSE AND

SPACE SYSTEMS
20403 68TH AVE SO MS 8Y 69
KENT WA 98032

ATTN BRIAN K BENNETT
BOEING

MAIL CODE 5221 1350

P OBOX 516

ST LOUIS MO 63166

ATTN DARRELL E GILLETTE
COALESCENT TECHNOLOGIES CORP
7061 UNIVERSITY BLVD

WINTER PARK FL 32792

ATTN SAL MICELI

LOCKHEED MARTIN ASTRONAUTICS
POBOX 179

DENVER CO 80201

ATTN MINH DANG

ITT SYSTEMS AND SCIENCES CORP
600 BOULEVARD SO SUITE 208
HUNTSVILLE AL 35802-2104

ATTN FRANCIS J PRIOLO
MILLENNIUM ENG AND INTEG CO
CRYSTAL PARK 3

2231 CRYSTAL DRIVE SUITE 711
ARLINGTON VA 22202

ATTN KENNETH V CHAVEZ
SANDIA NATIONAL LAB

P O BOX 5800

ALBUQUERQUE NM 87185-0825

ATTN MARK A JANTSCHER
ALLIANT TECH SYSTEMS INC
600 2ND ST NE

MAIL STATION MN11 2626
HOPKINS MN 55343

ATTN DR DANNY LIU
ZONA TECHNOLOGY INC
7430 E STETSON DR STE 205
SCOTTSDALE AZ 85251

Copies



NSWCDD/TR-01/108

DISTRIBUTION (Continued)

Copies Copies
ATTN LES WIGGINS 1 ATTN KEITH ODELL 1
THE BOEING COMPANY THIOKOL
499 BOEING BLVD MS JN 67 . MS 251
P O BOX 240002 P O BOX 707
HUNTSVILLE AL 35824-6402 BRUGGAM CITY NT 84302-0707
ATTN KENNETH M ELLIOT III 1 ATTN PAUL D THORNLEY 1
APPLIED ORDNANCE TECHNOLOGY INC ITT INDUSTRIES SYSTEMS DIV
P OBOX 899 P OBOX 15012
5254 POTOMAC DRIVE STEE COLORADO SPRINGS, CO 80935-5012
DAHLGREN VA 22448
ATTN NICHOLAUS BONAFEDE 1
ATTN DARRELL GILLETTE 1 NORTHROP GRUMMAN RYAN
MICHAEL CEBULA 1 AERONAUTICAL CENTER
COALESCENT TECHNOLOGIES P O BOX 85311
10640 CHARLES CIRCLE SAN DIEGO CA 92186-5311
CYPRESS CA 90630
ATTN KARL L BRUNSON 1
ATTN DR RICHARD KROEGER 1 SAIC SCIENCE APPLICATIONS
NICHOLS RESEARCH INTERNATIONAL CORP
4040 SOUTH MEMORIAL PARKWAY 1901 N FORT MYER DR STE 301
MAIL STOP 912 ARLINGTON VA 22209
HUNTSVILLE AL 35802
ATTN JAMES Q TALLEY 1
ATTN DAVID REINBOLD 1 GENERAL DYNAMICS ARMAMENT SYS
ORBITAL SCIENCES CORP LAKESIDE AVE ROOM 1305
3380 S PRICE RD BURLINGTON VT 05401
CHANDLER AZ 85248
ATTN DANIEL SHEDD 1
ATTN RALPH H KLESTADT 1 SCIENCE APPLICATIONS INTL
RAYTHEON MISSILE SYSTEMS 1710 GOODRIDGE DR MS 188
POBOX 11337 MCLEAN VA 22102
BLDG 801 MS C6
TUCSON AZ 85739-1337 ATTN SEAN GEORGE 1
CHARLES S DRAPER LAB
ATTN RONALD W GREEN 1 555 TECHNOLOGY SQUARE
SANDIA NATIONAL LAB MS 23
P O BOX 5800 CAMBRIDGE MA 02139
MS 0303
ALBUQUERQUE NM 87185-0303 ATTN DARK TEDQUIST 1
APPLIED RESEARCH ASSOC INC
ATTN WAYNE HATAWAY 1 5941 S MIDDLEFIELD RD STE 100
ARROW TECH ASSOCIATES LITTLETON CO 80123
1233 SHELBURNE RD SUITE D8
SOUTH BURLINGTON VT 05403 ATTN KENNETH SCHROEDER 1
COLEMAN AEROSPACE COMPANY
7675 MUNICIPAL DR

ORLANDO FL 32819
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ATTN GARY DON VINCENT
SPARTA INC

6000 TECHNOLOGY DR BLDG 3
HUNTSVILLE AL 35805-1955

ATTN DR JOHN L PORTER
SVERDRUP TECHNOLOGY INC
P O BOX 1935 BLDG 260

EGLIN AFB FL 32542

ATTN STEVE BROWN

LOCKHEED MARTIN MISSILE AND
FIRE CONTROL

9500 GODWIN DRIVE

MANASSAS VA 20108

ATTN AL HASTINGS

HASTINGS CHARIOTS

6280 SOUTH VALLEY VIEW BLVD
UNIT 108

LAS VEGAS NV 89118-3814

ATTN GERALD SOLOMON
PRIMEX TECH WARHEAD SYSTEMS
4565 COMMERCIAL DRIVE STE A
NICEVILLE FL 32578

ATTN LAWRENCE FINK
BOEING

P OBOX 3707 MC4A 45
SEATTLE WA 98124-2207

ATTN KARENY EVANS
AEROIJET

1100 WEST HOLLYVALE STREET
BLDG 160 1 D8320

AZUSA CA 91702

ATTN JONATHAN KATZ
THIOKOL PROPULSION
ELKTON DLV OPERATIONS
55 THIOKOL ROAD
ELKTON MD 21921

ATTN JIM HURRELL

SAIC

14 EAST WASHINGTON STREET .
ORLANDO FL 32801-2320

Copies
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ATTIN JAHNDYVIK
UNITED DEFENSE

M170

4800 EAST RIVER RD
MINNEAPOLIS MN 55421

ATTN PROF DOYLE KRUGHT
RUTGERS UNIVERSITY

DEPT OF MECH AND AERO ENG
98 BRETT RD

PISCATAWAY NIJ 08855

ATTN RICHARD A HAMMER

JOHNS HOPKINS APPLIED PHYSICS LAB

11100 JOHNS HOPKINS RD
LAUREL MD 20723-6099

ATTN DR BARTLEY L CARDON
MIT LINCOLN UNIVERSITY

244 WOOD STREET

LEXINGTON MA 02173-9108

ATTN DEWEY H HODGES
GEORGIA INSTITUTE OF TECH
SCHOOL OF AEROSPACE ENGNR
ATLANTA GA 30332-0150

ATTN DR DEAN WILKENING
STANFORD UNIV

Copies

CENTER FOR INTERNATINAL SECURITY

AND COOPERATION
ENCINA HALL
STANFORD CA 94305-6165

ATTN WILLIAM H MASON

VIRGINIA TECH

DEPT OF AEROSPACE AND OCEAN
ENGINEERING

MC 0203

BLACKSBURG VA 24061-0203

NON-DOD ACTIVITIES (EX-CONUS)
ATTN ABOOTH

BRITISH AEROSPACE DEFENCE LTD
MILITARY AIRCRAFT DIVISION

WARTON AERODROME WARTON PRESTON

LANCASHIRE PR4 1AX
UNITED KINGDOM
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Copies

ATTN R CAYZAC
GIAT INDUSTRIES

7 ROUTE DE GUERCY
18023 BOURGES CEDEX
FRANCE

ATTN MAIJF DE COCK
ECOLE ROYALE MILITAIRE
30 AV DE LA RENAISSANCE
1040 BRUXELLES

BELGIUM

ATTN JEKEROOT
BOFORS MISSILES
691 80 KARLSKOGA
SWEDEN

ATTN M HARPER BOURNE
DEFENCE RESEARCH AGENCY
Q134 BUILDING

RAE FARNBOROUGH
HAMPSHIRE QU14 6TD
UNITED KINGDOM

ATTN AHHASSELROT
FFA

PO BOX 11021

161 11 BROMMA
SWEDEN

ATTN B JONSSON

DEFENCE MATERIAL ADMINISTRATION
MISSILE TECHNOLOGY DIVISION

115 88 STOCKHOLM

SWEDEN

ATTN PLEZEAUD
DASSAULT AVIATION

78 QUAIMARCEL DASSAULT
92214 SAINT CLOUD

FRANCE

ATTN JLINDHOUT
NLR

ANTHONY FOKKERWEG 2
1059 CM AMSTERDAM
THE NETHERLANDS
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ATTN A MICKELLIDES
GEC MARCONI

DEFENCE SYSTEMS LTD
THE GROVE WARREN LANE
STANMORE MIDDLESEX
UNITED KINGDOM

ATTN K MOELLER

BODENSEEWERK
GERAETETECHNIK GMBH

POSTFACH 10 11 55

88641 UBERLINGEN

GERMANY

ATTN RIBADEAU DUMAS

MATRA DEFENSE

37 AV LOUIS BREGUET

BP1

78146 VELIZY VILLACOUBLAY CEDEX
FRANCE

ATTN R ROGERS

DEFENCE RESEARCH AGENCY
BLDG 37

TUNNEL SITE

CLAPHAM BEDS MK 41 6AE
UNITED KINGDOM

ATTN S SMITH

DEFENCE RESEARCH AGENCY
Q134 BUILDING

RAE FARNBOROUGH
HAMPSHIRE QU14 6TD
UNITED KINGDOM

ATTN JSOWA
SAAB MISSILES AB
581 88 LINKOPING
SWEDEN

ATTN D SPARROW
HUNTING ENGINEERING LTD
REDDINGS WOOD

AMPTHILL

BEDFORDSHIRE MK452HD
UNITED KINGDOM

Copies
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G23  (ROWLES)
G23  (WEISEL)
G24

G24  (VAVRICK)
G30

G305

G31  (RINKO)

Copies Copies
ATTN P STUDER 1 ATTN PROF JOHN EDWARDS 1
DEFENCE TECHNOLOGY AND BLD A23
PROCUREMENT AGENCY . FORT HALSTEAD
SYSTEMS ANALYSIS AND INFORMATION SEVEN OAKS
SYSTEMS DIVISION KENT
PAPIERMUEHLESTRASSE 25 TN147BP
3003 BERNE UNITED KINGDOM
SWITZERLAND
ATTN DR ERDAL OKTAY 1
ATTN JM CHARBONNIER 1 ROKETSAN MISSILE INDUSTRIES INC
VON KARMAN INSTITUTE 30 ELMADAG 06780
72 CHAUSSEE DE WATERLOO ANKARA, TURKEY
1640 RHODE SAINT GENESE TURKEY
BELGIUM
INTERNAL
ATTN P CHAMPIGNY 1
DIRECTION DE L AERONAUTIQUE B 1
ONERA BO4 1
29 AV DE LA DIVISION LECLERC B0O4 (ZIEN) 1
92320 CHATILLON SOUS BAGNEUX CEDEX BO5 (STATON) 1
FRANCE B10 1
B10 (HSIEH) 1
ATTN DR P HENNIG 1 B51 (ARMISTEAD) 1
DEUTSCHE AEROSPACE (DASA) B60 (TECHNICAL LIBRARY) 3
VAS 414 C 1
ABWEHR AND SCHUTZ D 1
POSTFACH 801149 G 1
8000 MUENCHEN 80 G02 1
GERMANY G20 1
G205 1
ATTN PETER CAAP 1 G21 1
HD FLIGHT SYS DEPT G21 (COOK) 1
FAA AERONAUTICAL RESEARCH INST G22 1
OF SWEDEN G23 1
BOX 11021 G23 (CHISHOLM) 1
BROMMA SWEDEN 16111 G23 (HANGER) 1
G23 (HARDY) 1
ATTN DAVE BROWN 1 G23 (HYMER) 50
WEAPON SYSTEMS DIVISION G23 (JONES) 1
AERONAUTICAL AND MARITIME G23 (KNIESS) 1
RESEARCH LABORATORY G23 (OHLMEYER) 1
P O BOX 1500 SALISBURY G23 (MALYEVACQC) 1
SOUTH AUSTRALIA 5108 G23 (PHILLIPS) 1
1
1
1
1
1
1
1
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N92  (AMBROSE)
N92  (PIERCE)

T13 (ALEXOPOULOS)
T13 (CARSOLA)
T406

Copies
G32  (DAY) 1
G33 (FRAYSSE) 1
G33  (LUD) 1
G33  (RINALDI) 1
G50 1
G50  (SOLOMON) 1
G60 1
G70 1
G72 1
G72  (CHEPREN) 1
K 1
K40 1
K44  (DAVIS) 1
N 1
1
1
1
1
1
1
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